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Abstract
Climate warming in the Arctic is occurring considerably faster than the global average. One of
the most widespread biological responses to this warming in terrestrial systems has been a
marked increase in the productivity of shrubby vegetation. Increased shrub growth and
reproduction has the potential to alter both local and global aspects of ecosystem function,
making understanding its drivers and environmental impact an important research priority. In
this context, considerable research has focused on characterizing relationships between shrub
cover, abiotic conditions, and understory communities. However, fewer studies have co-located
measurements of these components simultaneously in undisturbed tundra shrub patches to
support a comprehensive understanding of patch habitat relative to shrub-free tundra. In addition
to differences between these landcover types, variation in the physical structure of patches has
also been hypothesized to be an important predictor of abiotic and biotic response to shrub
growth. Direct investigations of the ways in which physical attributes of shrub patches covary
and affect spatial variation in environmental conditions are limited however. In order to predict
the overall ecosystem impact on shrub expansion, it is also important to understand where on the
landscape to expect new shrubs to appear. Several studies have suggested that observed
heterogeneity in shrub expansion is driven by topographic resource gradients, though little work
has been done to directly test the mechanisms behind fine-scale variability in recruitment
patterns. One of the key species involved in shrub expansion has been Alnus alnobetula (Ehrhart)
K. Koch (green alder). Because this species has the capacity to fix nitrogen from the atmosphere
and is one of the taller of the tundra shrubs, it may have unique potential to influence the biotic
and abiotic conditions of its local environment. Here I focus on the dynamics of green alder
patches at the taiga-tundra ecotone of the Northwest Territories. This tall deciduous shrub
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species is used to address three primary research objectives: 1) Determine the effect of green
alder shrub patches on abiotic conditions and understory community composition relative to
alder-free tundra, 2) Investigate the controls over fine-scale variability of recruitment around
green alder patches, and 3) Determine how variation in physical structure influences abiotic and
understory conditions within and among patches. In this thesis I demonstrate that green alder
patches in the Trail Valley Creek watershed support a distinct set of abiotic conditions and
understory communities from adjacent alder-free tundra, with important implications for local
hydrological patterns, nutrient cycling, and biodiversity. Recruitment in the vicinity of these
patches is likely constrained in part by localized seed limitation rather than topographic resource
gradients alone. I also found that variation in patch structure had a surprisingly limited impact on
abiotic conditions, suggesting changes in density or height within these patches may be less
important than expected. However, community composition varied among patches in relation to
snow depth, and likely canopy complexity. Taken together these results improve our
understanding of the environmental impacts of alder growth at the taiga-tundra ecotone and help
us predict the impact future shrub expansion may have on ecosystem function.
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Chapter 1: General Introduction
1.1. Introduction
Since the late 19th century the Arctic has warmed approximately 2 to 3°C compared to a global
average of 0.8°C (Post et al. 2019). This warming is of global significance as the Arctic plays an
important role in regulating the Earth’s climate system, particularly as a sink for poleward
energy transport (Serreze and Barry 2014, p55). The Arctic also influences global climate
through the storage of large quantities of carbon made possible by slow decomposition rates and
the presence of permafrost (Schuur et al. 2015). Within the Arctic, amplified warming has led to
dramatic changes in the function of both marine and terrestrial systems (Post et al. 2019). One of
the strongest terrestrial responses to this warming has been an increase in primary productivity
(Beck and Goetz 2011), driven largely by the increased growth of tundra shrubs (Forbes et al.
2010; Frost et al. 2014; Fraser et al. 2014). Increased shrub growth has the potential to impact a
wide range of ecosystem properties in the Arctic tundra such as hydrology (Liljedahl et al. 2020),
wildlife habitat (Boelman et al. 2014; Tape et al. 2016), permafrost dynamics (Nauta et al. 2014;
Wilcox et al. 2019) and nutrient cycling (Vankoughnett and Grogan 2016).

In this chapter I will review primary constraints on plant life in the Arctic and how these are
being influenced by climate warming. I will then discuss shrub response to warming including
drivers of spatial heterogeneity in expansion as well as the environmental impacts of shrub
growth.

1

1.2. Constraints and adaptations of Arctic tundra plant life
1.2.1. Constraints on plant growth and recruitment
1.2.1.1. Environmental constraints
The Earth’s polar regions receive an average of approximately 175 W×m-2 of solar radiation on
an annual basis, which is only 41% of the insolation received at the equator (Hatzianastassiou et
al. 2004). This relative deficit in solar energy input, in combination with the prevalence of high
albedo surfaces like snow and ice, mean that the Arctic loses considerably more energy than it
receives at the top of the atmosphere annually (Serreze and Barry 2014). The resulting low
temperatures and short growing seasons have important consequences on the functioning of
Arctic systems (Chapin 1987) and exert strong selective pressure on local plant life (Billings and
Mooney 1968).

Low temperature directly constrains plant growth by slowing the rates of biochemical reactions
critical to photosynthesis, respiration, and other physiological functions (Lambers et al. 2008a,
p60 & 127). In particular, enzymatic activity and chemical diffusion across biological
membranes generally decrease with temperature in the absence of appropriate adaptations
(Lambers et al. 2008a, p60), limiting the carbon available for growth and reproduction (Crawford
2008, p11). In addition to metabolic impacts, low temperatures can also increase the risk of
tissue damage. For example, reduction in photosynthetic enzyme activity makes photooxidation
and the consequential production of damaging reactive oxygen species more likely (Wise 1995).
Temperatures below freezing also put plants at risk of extracellular ice formation resulting in low
water potential in the extracellular space and cellular dehydration (Xin and Browse 2000). Ice
formation can also lead to cavitation due to the formation of bubbles during freeze-thaw
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processes. This process can dramatically decrease stem hydraulic conductivity, often leading to
decreased productivity or mortality (as reviewed by Lucas et al. 2013).

In addition to these direct effects, the low mean annual temperatures characteristic of Arctic
systems play an indirect, but important role in shaping other environmental conditions relevant to
plant growth. For example, the internal cycling of nitrogen and rates of nitrogen fixation within
Arctic ecosystems are considerably slower than those observed in more southerly ecosystems
(Chapin 1987). Deposition of atmospheric nitrogen (van Cleve and Alexander 1981) and
phosphorus (Gordon et al. 2001) are both limited in the Arctic. Taken together, these factors
mean nitrogen and phosphorus are common growth-limiting resources in these systems (Shaver
and Chapin 1980; Chapin 1987). Low air temperatures also lead to low humidity and minimal
precipitation (Serreze and Barry 2014, p44). Despite low mean annual precipitation, many Arctic
soils have ample available moisture because of low evapotranspiration rates and the
impermeability of ice-rich permafrost (Walker 2000). Manipulative studies have shown limited
vegetation response to moisture addition in tundra environments (Keuper et al. 2012a).
Topographically derived variation in moisture availability may be more important to plant
growth through its role in governing soil temperature and nutrient availability (Chapin et al.
1988), than through direct moisture limitation.

Because of the limited energy input to Arctic systems and the presence of snow and permafrost,
it takes considerable time in the spring to reach air and soil temperatures at which plants are
capable of initiating growth for the season (Billings 1973). While some species are capable of
photosynthesizing beneath the snow (Starr and Oberbauer 2003), growth of the majority of taxa
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is restricted to the snow-free season, which generally occurs during or after the seasonal peak of
solar radiation (Chapin 1987). For these reasons, plants growing in the Arctic must acquire
nutrients, grow, and reproduce in a highly compressed time period relative to more southerly
ecosystems (Billings 1973; Chapin 1987; Crawford 2008, p65).

1.2.1.2. Seed limitation
Seed limitation is defined as the condition in which the addition of seed results in an increase in
recruitment at a given site (Turnbull et al. 2000). In the Arctic, the likelihood of seed limitation is
relatively high. Because seed production is energetically expensive (Chapin 1989), tundra plants
are generally assumed to reproduce primarily vegetatively or to reproduce sexually only during
times of low stress (Jónsdóttir et al. 1996; Douhovnikoff et al. 2010). Plants that do reproduce
sexually often produce seeds with very low viability rates (Robinson and Henry 2018, but see
Müller et al. 2011). One of the costs of vegetative reproduction is a reduction in dispersal
distance (Winkler and Fischer 2001) and so there are likely sites that could support individuals of
a given species but either never receive seed or receive less seed than the site can support,
thereby maintaining a seed limited state.

1.2.2. Adaptations and trade-offs to life in the Arctic tundra
Plants of the Arctic tundra flora have evolved several generalizable adaptations which allow
them to survive and reproduce in the extreme environmental conditions described above. Many
of the traits common to tundra species help ameliorate the physiological effects of cold
temperature. These include metabolic adaptations such as low photosynthetic temperature optima
(Chapin 1983; Kumarathunge et al. 2019), faster respiration rates (Crawford and Palin 1981;
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Graves and Taylor 1988), and substantial investment in mechanisms of photoprotection
(reviewed by Fernández‐Marín et al. 2020) as well as several morphological traits which mediate
local microclimates. For example, the tussock growth form of Eriophorum vaginatum acts to
raise the majority of its roots above the ground surface, increasing the radiation received by the
individual and substantially warming the tussock environment (Chapin et al. 1979). Traits that
allow plants to manipulate or take advantage of laminar boundary layer thickness, such as the
production of woolly hairs or growing in a prostrate morphology near the ground are common
adaptions as this reduces the loss of heat to the atmosphere (Fernández‐Marín et al. 2020).

Nutrient limitation is an important selective force in the evolution of plants in the region, leading
to a number of adaptive traits aiding in acquisition. As in other nutrient poor ecosystems, the
ratio of belowground to aboveground biomass is generally quite high in the Arctic (Iversen et al.
2015). In addition to allocation strategies, tundra plants often form specialized cluster roots
which release exudates that increase inorganic soil phosphate availability (Crawford 2008 p106;
Lambers et al. 2008b). Mycorrhizal symbioses are also quite prevalent in Arctic systems and can
provide a major component of plant nitrogen budgets (Iversen et al. 2015), with some estimates
ranging from 61-86% of plant nitrogen originating from fungal partners (Hobbie and Hobbie
2006). Short Arctic growing seasons also greatly favor plants with the capacity to store
carbohydrate and nutrient reserves, allowing resources to be carried forward for use in the next
growing seasons (Billings 1987; Chapin 1987). This explains the prevalence of rhizomatic root
structures as well as the limited number of annual plants in Arctic tundra systems (Crawford
2008, p66).
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Taken together these traits result in strong specialization, particularly for those species that grow
only above the treeline, making them sensitive to dramatic changes in their biotic or abiotic
environment. For example, while fast metabolic rates are vital to survival in cold regions, they
also act to limit tundra specialists in that warm temperatures represent a risk of carbon starvation
(Crawford 2008, p11). It has been hypothesized that this is a strong driver of the southern range
limit of some Arctic specialists (Crawford and Palin 1981). Many plants specialized to tundra
systems are also limited in their capacity to respond to aboveground competition due in part to
the prevalence of prostrate growth forms and general adaptations to low shade environments
(Billings 1987).

1.2.3. Plant response to climate change
Given the important role climate plays in shaping the physiology and morphology of Arctic
plants, warmer regional temperatures associated with high latitude climate change have the
potential to dramatically alter the growth and reproduction of these species. For example, at sites
with sufficient nutrient and moisture availability, warming can directly increase productivity by
lifting temperature constraints on growth (Hudson et al. 2011; Barrett and Hollister 2016).
Warming has also been shown to increase seed mass and germination rates of Arctic species
(Klady et al. 2011). However, warming can also lead to detrimental physiological effects such as
drought stress (Seo et al. 2015) and diminished resistance to cold temperatures after extreme
warming events (Marchand et al. 2005).

Results from warming experiments suggest that climate warming has the potential to increase
rates of nitrogen mineralization and availability in tundra systems (Chapin et al. 1995; Natali et

6

al. 2012). As nitrogen is a common limiting factor to plant productivity in these environments
(Chapin 1987), greater availability can lead to strong responses in the vegetation community. In
an experiment in northern Alaska, Natali et al. (2012) observed a 20% increase in above-ground
biomass due to increased nitrogen availability caused by winter warming, but observed no
increases due to summer warming alone. Nitrogen availability is also expected to increase due to
permafrost thaw and active layer thickening (Keuper et al. 2012b; Salmon et al. 2018). Increased
plant available nitrogen has been shown to be particularly beneficial for deep rooted and
mycorrhizal species which are able to take advantage of the newly released resource to increase
aboveground biomass (Keuper et al. 2017; Hewitt et al. 2019). These changes in nitrogen
availability are important as there is evidence that temperature and nutrients can be co-limiting
factors in these systems (Chapin et al. 1995; Barrett and Hollister 2016).

In addition to changes in productivity, warming has the potential to alter phenological patterns of
Arctic plants. Increasing temperatures are generally expected to lead to earlier spring snowmelt,
earlier flowering, and longer growing seasons (Gillespie et al. 2016; Prevéy et al. 2017). This
trend is not always realized however, as other factors such as variation in snow depth (Bjorkman
et al. 2015) or fixed duration of phenological stages (Semenchuk et al. 2016) can negate the
influence of warming. There also exists considerable spatial variability in the phenological
response of Arctic plants to climate warming, with individuals growing at cold sites exhibiting
the greatest sensitivity (Prevéy et al. 2017).

Many of the responses mentioned above are particularly relevant at the taiga-tundra ecotone as
this region, like all ecotones, supports plants specialized to both biomes (Hofgaard et al. 2012).
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Ecotones represent geographic transitions between ecosystems (Risser 1995) and their positions
are controlled by a variety of factors such as soil substrate, climate, and topography (Epstein et
al. 2004). Because these regions generally reflect a threshold of relevant environmental
conditions, they can be some of the first locations to undergo ecosystem response to
environmental change (Epstein et al. 2004). The response of the taiga-tundra ecotone to climate
warming has received considerable attention due to its hypothesized relationship with
temperature (Danby 2011). The ecotone is shifting northward in some locations, though lags
between climate and changes in the position of species distributions are more common than
originally expected (Rees et al. 2020;Travers‐Smith and Lantz 2020). While the position of the
taiga-tundra ecotone is largely defined by the presence of arborescent trees (Epstein et al. 2004),
understory plants in this ecotone are also expected to respond to climate change. For example
climate warming has the potential to increase the abundance of boreal species and narrow the
distribution of Arctic tundra species and these shifts in dominance may be most prevalent at the
taiga-tundra ecotone (Callaghan et al. 2004).

1.3. Shrub Expansion
One of the strongest and most generalized vegetative responses to climate change in the Arctic
has been the expansion of shrubby vegetation (as reviewed by Myers-Smith et al. 2011a). Shrub
expansion is generally characterized as increases in individual growth rates (e.g. Myers-Smith et
al. 2011b; Davis et al. 2020), densification of existing populations (Tremblay et al. 2012; Lantz
et al. 2013) and altitudinal range expansion (Myers-Smith and Hik 2018). Increased prevalence
of woody vegetation in tundra systems has important consequences at multiple scales and so

8

understanding these impacts is an important component in anticipating the future function of
Arctic tundra systems.

1.3.1. Evidence for expansion and links to climate warming
The evidence that tundra shrubs are expanding originates from multiple methodological
approaches, covering circumpolar, regional, and plot scale changes in productivity (Myers-Smith
et al. 2011a). Support for the hypothesis that shrub expansion is a circumpolar phenomenon is
primarily based on the observation that remotely sensed productivity indices such as the
Normalized Difference Vegetation Index (NDVI) have been increasing across much of the Arctic
since the beginning of the satellite record in the early 1980s (Beck and Goetz 2011; Epstein et al.
2012). While there is evidence that Arctic vegetation in general is becoming more productive
(Beck and Goetz 2011), these increases in NDVI, known as spectral greening, are primarily
attributed to changes in the productivity of tall deciduous shrubs (Forbes et al. 2010; Frost et al.
2014; Fraser et al. 2014). At the scale of the circumpolar Arctic these greening trends appear to
be driven by increases in air temperatures, particularly during the growing season (Bhatt et al.
2010; Berner et al. 2020), however there are regions in which winter warming is more important
(e.g. Fraser et al. 2014). In addition to the indirect measures of vegetation change provided by
productivity indices, shifts in land cover towards the dominance of shrubby vegetation have also
been observed by way of repeat photography. These studies, which involve comparing the
locations of shrubs in historical imagery and modern imagery, provide direct evidence of shrub
expansion at regional scales (e.g. Tape et al. 2006; Tremblay et al. 2012; Lantz et al. 2013;
Moffat et al. 2016).
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The methods mentioned above provide evidence of land cover change, however there is also
evidence of change in the productivity of individual shrubs derived from dendrochronological
studies. Increased radial growth has been observed at sites across the Arctic in several species
(Forbes et al. 2010; Tape et al. 2012; Ropars et al. 2015; Davis et al. 2020). While there are
considerable challenges associated with shrub dendrochronology, analysis of shrub rings can
provide a long-term view of productivity that would otherwise be unavailable (Myers-Smith et
al. 2015b). Because of the length of these time series, dendrochronology has played an important
role in tying observations of increasing shrub productivity to changes in Arctic climate (Forbes et
al. 2010; Blok et al. 2011; Tape et al. 2012). While there is spatial variability in climate
sensitivity, the majority of shrubs are most sensitive to increases in summer temperatures
(Myers-Smith et al. 2015a). The relationships between warming and shrub growth are also
supported by plot-based monitoring and warming experiments which generally indicate an
increase in shrub growth, with increased air temperatures (Walker et al. 2006; Hudson et al.
2011; Elmendorf et al. 2012a, b).

1.3.2. Spatial heterogeneity of expansion
Changes in shrub productivity display clear spatial heterogeneity from the scale of the tundra
biome down to local scales within sites. Satellite-based observations of NDVI trends have shown
that rates of spectral greening exhibit considerable spatial variation (Epstein et al. 2012; Frost et
al. 2014), with the greatest greening trends generally observed in the Low and Oro Arctic zones
(Berner et al. 2020). Northern Alaska and the Canadian mainland adjacent to the Beaufort sea
have also displayed particularly strong, consistent greening throughout the satellite record (Bhatt
et al. 2010; Fraser et al. 2014) and recent analysis of the Landsat record has shown additional
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extensive greening in western Eurasia, Chukotka, and the mountains of Yakutia (Berner et al.
2020). Several studies have demonstrated that this variation is largely explained by the influence
of sea ice on the summer warmth index (SWI; annual sum of mean monthly air temperatures
greater than 0°C) of adjacent terrestrial systems suggesting warmer summers are lifting
temperature-related constraints on landscape productivity (Jia et al. 2003; Bhatt et al. 2010;
Berner et al. 2020). However there are many locations that have experienced warming for which
no spectral greening has been observed (Berner et al. 2020). This suggests that the increased
productivity driven by warmer growing season temperatures may be co-limited by other factors,
such as nutrient or moisture availability, in some parts of the Arctic (e.g. Dutrieux et al. 2012).
In addition to variability in greening trends among zones and broad regions of the Arctic, shrub
expansion exhibits considerable variation within study sites. If temperature were the only factor
influencing shrub establishment patterns we would expect uniform increases in shrub cover
across the landscape in response to warming summer temperatures. Instead, within-site
variability of shrub expansion is generally characterized by increasing cover or recruitment at
landscape positions that accumulate water, such as toe slopes, terraces, and valley bottoms (Tape
et al. 2006, 2012; Naito and Cairns 2011). These observations have been made both using repeat
photographic records (e.g. Naito and Cairns 2011) and relatively fine-scale analysis of remotely
sensed productivity indices (e.g. Campbell et al. 2020). The primary hypothesis used to explain
this pattern is that shrub individuals at these locations are best situated to take advantage of
warmer temperatures due to enrichment by the downslope movement of moisture and otherwise
limiting nutrients from upslope locations (Tape et al. 2012; Campbell et al. 2020). Such colimitation has been observed in artificial warming experiments, with greater increases in shrubs
observed at warmer, wetter sites (Elmendorf et al. 2012b). However, little work has been done to

11

directly test the mechanisms behind within-site, fine-scale variability in the recruitment of shrub
individuals. It is also possible that low viability rates observed near the northern extent of these
tundra shrub species (e.g. Weis and Hermanutz 1988; Lantz et al. 2010) restrict successful
recruitment to locations where large quantities of seed accumulate, creating localized seed
limitation in sites with sufficient environmental conditions but insufficient seed supply. If this is
the case, spatial patterns of seed dispersal and accumulation may be strong predictors of finescale recruitment patterns. To my knowledge this mechanism has never been tested in the
context of tundra shrub expansion.

1.3.3. Effects of shrub growth and expansion on tundra environments
Shifts toward the dominance of shrubby vegetation in the Arctic have the potential to alter
regional climatic patterns as well as local ecosystem functioning. The climatic impacts of shrub
expansion are largely attributed to decreases in winter and spring surface albedo, increased
evapotranspiration, and changes in carbon cycling (Myers-Smith et al. 2011a). Increased shrub
growth decreases surface albedo by replacing winter and early spring snow cover with darker
shrubs, increasing surface absorption of solar radiation and warming the atmosphere (Sturm
2005). This change in albedo and the subsequent warming may promote further shrub growth,
leading to a biophysical feedback and resulting in greatly amplified warming (Pearson et al.
2013; Zhang et al. 2018). On the other hand, increased transpiration expected from greater shrub
cover may result in an increase in latent heat transport to the atmosphere, acting to decrease
surface temperatures due to evaporative cooling (Zhang et al. 2018). Conversely, a modelling
exercise by Swann et al. (2010) found that conversion of barren ground to deciduous tree cover
would also increase the quantity of atmospheric water vapor which they predict would instead
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warm the surface due to the function of water vapour as a greenhouse gas. Finally, an increase in
shrub cover represents a potential shift in the recalcitrance and carbon storage capacity of the
dominant tundra vegetation (Weintraub and Schimel 2005). This shift in litter quality has been
hypothesized to offset carbon release from permafrost thaw and other carbon sources expected to
increase with climate warming (Schuur et al. 2015; Mekonnen et al. 2018), though there is a high
degree of uncertainty surrounding this prediction due to knowledge gaps relating to changing
water balances, permafrost thaw, and future vegetation distributions (Abbott et al. 2016).

At a finer scale, shrub growth can have an important impact on local environmental conditions.
Due to their stature relative to other tundra vegetation, tall deciduous shrubs tend to accumulate
snow redistributed from adjacent shrub-free tundra (Essery and Pomeroy 2004). Because snow is
an effective insulator, this deepened snow often warms the soil (Myers-Smith and Hik 2013;
Davis et al. 2020), in some cases allowing for increased microbial activity and nitrogen
mineralization (Schimel et al. 2004). It has been proposed that these snow-shrub interactions can
form a positive feedback mechanism if shrub growth is enhanced by the increased nutrient
availability (Sturm et al. 2001). Nutrient availability in deciduous shrub patches can also be
elevated due to a substantially greater quantity of leaf litter inputs relative to shrub-free tundra
(Vankoughnett and Grogan 2016). Active (seasonally thawed) layer thickness is also altered by
shrub growth, although the direction of this relationship appears to vary with species and snow
conditions (Wilcox et al. 2019). Shrub cover can decrease active layer thickness by shading the
soil during the growing season (Blok et al. 2010), but may increase active layer thickness if
shrubs protrude from the snow, causing faster melt and a longer snow-free period (Wilcox et al.
2019). While the abiotic variables discussed here are all influenced by shrub growth, they also
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have the potential to amplify or counteract one another, making it difficult to predict the
cumulative impact of shrub growth on abiotic conditions. While considerable effort has been
made to characterize relationships between shrub cover and these variables, fewer studies have
co-located measurements of all of these components simultaneously in tundra shrub patches to
support a comprehensive understanding of patch habitat relative to shrub-free tundra.

By altering local abiotic conditions, shrub patches have the potential to support a different
assemblage of understory plants relative to shrub-free tundra. For example, interspecific
differences in the ability to exploit the greater soil nitrogen availability of shrub patches should
influence the relative abundance and productivity of species in the shrub understory (e.g. Keuper
et al. 2017). Deciduous shrubs often also create lower light conditions that may act as an
additional filter, potentially excluding plants adapted to habitats with high light availability
(Chapin et al. 1995). Previous studies investigating shrub influence on the understory community
have found the cover and biomass of terricolous lichens to be particularly sensitive to shrub
cover (Walker et al. 2006; Moffat et al. 2016). Vascular plants and mosses have also been shown
to respond to shrub growth (Chapin et al. 1995; Gill et al. 2014). Taken together these
differences may result in understory communities in shrub patch habitats that are distinct from
those in shrub-free tundra, both in composition and abundance. While the impact of shrub
growth on the understory community has been studied, less work has been done to pair overall
community composition with multiple abiotic variables of undisturbed Arctic tundra sites.

In addition to differences between shrub patch and tundra habitats, abiotic and biotic conditions
may vary importantly within and among individual patches due to changes in physical structure
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(e.g. height, canopy complexity, and density). While the importance of variation in physical
structure has been recognized previously (Sturm et al. 2001; Essery and Pomeroy 2004; MyersSmith and Hik 2013), there have been few studies that directly address the ways in which
physical attributes of shrub patches covary and affect spatial variation in abiotic conditions (but
see Sturm et al. 2001). Variation in physical structure may also be relevant to within and among
patch variation in understory community composition given these abiotic changes and
differences in competitive pressures from the shrub canopy. This represents an important
knowledge gap in our understanding of the impacts of shrub growth on ecosystem function and
community composition in a shrubbier tundra.

1.4. Research Objectives
In this thesis I focus on the dynamics of Alnus alnobetula (Ehrhart) K. Koch (green alder)
patches within the taiga-tundra ecotone of the Northwest Territories. This tall deciduous shrub
species is used to address three primary research objectives: 1) Determine the effect of green
alder shrub patches on abiotic conditions and understory community composition relative to
alder-free tundra, 2) Investigate the controls over fine-scale variability of recruitment around
green alder patches, and 3) Determine how variation in physical structure influences abiotic and
understory conditions within and among patches.
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1.5. Thesis Outline
1.5.1. Chapter 2
Wallace CA and Baltzer JL (2020) Tall shrubs mediate abiotic conditions and plant communities
at the taiga-tundra ecotone. Ecosystems. 23:828-841. doi: 10.1007/s10021-019-00435-0

Shrub expansion has occurred across much of the Arctic tundra over the past century. Increasing
dominance of woody vegetation is expected to have global influences on climate patterns and
lead to local changes in hydrological function and nutrient cycling. Changing abiotic conditions
associated with shrubs will likely alter the relative fitness of neighbouring plants resulting in
distinct community composition. Here, we use an extensive set of paired abiotic and biotic data
to investigate the capacity for green alder patches to modify the habitat of the local plant
community at the taiga-tundra ecotone of the Northwest Territories, Canada. Plots were
established across topographic positions in ten alder patches and adjacent, alder-free tundra.
Habitat corresponded to the strongest gradient of among site variation in abiotic measures and
plant community composition, indicating that alder patch growing conditions were distinct from
those of alder-free tundra. Slope position was generally unimportant in determining
environmental conditions. Alder patches changed the vertical structure of the understory by
increasing the maximum height of birch. Tall shrubs also decreased the richness of tundra
specialists, suggesting that these species face competitive pressures from shrub expansion at the
southern edge of their ranges. Our findings demonstrate that tall shrub patches can substantially
modify their local environment in taiga-tundra ecotone systems, altering available habitat and
acting as niche constructors for the local plant community. These habitats will therefore be

16

important to consider in regional predictions of hydrology, nutrient cycling, and biodiversity as
shrubs continue to expand across the Arctic.

1.5.2. Chapter 3
Wallace CA, Wilcox EJ, Marsh P, Lantz TC, and Baltzer JL. Seed accumulation patterns
influence spatial heterogeneity of shrub recruitment within the taiga-tundra ecotone. Planned
submission to Environmental Research Letters.

Trends in shrub productivity across the Arctic are variable both at coarse and fine spatial scales,
with the majority of within-site studies documenting the strongest rates of shrub expansion in
landscape positions that accumulate water. While considerable work has focused on the
mediating effect of moisture and nutrients on shrub growth responses to warming, less is known
about the mechanisms constraining recruitment-driven expansion. Because successful
recruitment by sexual reproduction at a given location relies on both arrival of seed and suitable
environmental conditions, it is possible that spatial patterns of seed dispersal exert some control
over fine-scale variability of shrub recruitment in tundra environments, particularly considering
the generally low viability rates of seed in these systems. Ground cover suitability for
recruitment also has the potential to control fine-scale heterogeneity, though in situ studies of
these relationships in undisturbed sites have been limited. Here, we address these research gaps
by developing a series of models to represent seed accumulation mechanisms around three green
alder patches at the taiga-tundra ecotone of the Northwest Territories and pair these models with
observations of seed and seedling density. We also establish transects aimed at addressing
relationships between seedling abundance, topographic position, and ground cover. We found a
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surprisingly complex pattern of recruitment heterogeneity at our study site, with preferential
expansion occurring beneath alder patches only on the steepest slopes. Mechanistic models of
seed accumulation representing overland hydrochory, wind dispersal, and distance from the
nearest alder patch were important predictors of seedling recruitment. We propose the simplest
explanation of this is localized seed limitation around alder patches, which if true, suggests that
the spatial patterns of alder recruitment may not respond as expected to changing environmental
conditions. There was no evidence that topographically-derived resource availability constrained
recruitment, however ground cover, specifically prevalence of Sphagnum mosses was an
important predictor regardless of topographic position. Taken together our data suggest that
developing models of shrub expansion that include both dispersal and environmental constraints
may increase our ability to predict landscape patterns and potential rates of tall shrub expansion.

1.5.3. Chapter 4
Wallace CA and Baltzer JL. Scale-dependent responses of understory vegetation to variation in
the physical structure of undisturbed tundra shrub patches. Planned submission to Ecosystems.

Much of the Arctic is experiencing rapid change in the productivity and recruitment of tall,
deciduous shrubs. It is well established that shrub expansion can alter tundra ecosystem
composition and function, however, less is known about the degree to which variability in the
physical structure of shrub patches might mediate these changes. There is also limited
information as to how the physical attributes of shrub patches may covary and how they differ
with topography. Here, we address these knowledge gaps by measuring the physical structure,
abiotic conditions, and understory community composition at sampling plots within green alder
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patches at a taiga-tundra ecotone site in the Northwest Territories. We found a surprising lack of
association between most structural variables and abiotic conditions at the plot-scale, with the
notable exception of canopy complexity and snow depth, which we suspect is driven by
increased surface roughness. Importantly, these relationships had no impact on the vegetation
community or any richness indices at the plot-scale when among-patch variation was removed.
However, among-patch variation in community composition was significant and largely
corresponded to a gradient in the richness of tundra specialists and Sphagnum moss abundance.
This gradient was strongly governed by mean patch snow depth, which was likely controlled at
least in part by mean patch canopy complexity. Taken together, our results suggest that natural
variability in green alder patch structure in undisturbed sites has less of an impact on plot-scale
abiotic conditions than expected but also indicate important scale-dependent responses between
patch structure and the understory community. The results presented here will inform future
work addressing spatial variability in shrub impacts on ecosystem function and increase our
understanding of understory community variation within alder patch habitats at the taiga-tundra
ecotone.

1.5.4. Chapter 5
Conclusion - The global context of green alder growth and expansion in tundra environments.

Green alder has played an important role in the expansion of shrubby vegetation in tundra
environments and its capacity for nitrogen fixation makes the potential consequences of its
expansion unique among tundra shrubs. Because of this, understanding the variability in abiotic
and biotic conditions associated with its growth may provide useful information for predicting
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future ecosystem function. While this thesis addressed these factors at the taiga-tundra ecotone,
to my knowledge there has been no summary of this variability across the range of green alder
within the tundra biome. In this final chapter I conducted a review of green alder studies which
measured environmental variables or recruitment patterns comparable to those measured in this
thesis. I found that studies of green alder environmental conditions were heavily concentrated in
Alaska and the Northwest Territories. Though some trends were consistent, there was
considerable variation in the relative values of thaw depth and understory community
composition between alder and alder-free habitats. In general, there were no variables whose
values or trends relative to alder-free tundra were consistent among all studies. This was
surprising given the relatively small geographic area covered by the majority of studies and
suggests that extrapolation of these trends across the biome may be complicated. Considering the
amount of overlap between green alder range and the tundra biome as a whole, gaining a better
understanding of this variability and its consequences for ecosystem function is likely of global
relevance.
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Chapter 2: Tall shrubs mediate abiotic conditions and plant communities
at the taiga-tundra ecotone
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2.1. Abstract
Shrub expansion has occurred across much of the Arctic tundra over the past century. Increasing
dominance of woody vegetation is expected to have global influences on climate patterns and
lead to local changes in hydrological function and nutrient cycling. Changing abiotic conditions
associated with shrubs will likely alter the relative fitness of neighbouring plants resulting in
distinct community composition. Here, we use an extensive set of paired abiotic and biotic data
to investigate the capacity for Alnus alnobetula (green alder) patches to modify the habitat of the
local plant community at the taiga-tundra ecotone of the Northwest Territories, Canada. Plots
were established across topographic positions in ten alder patches and adjacent, alder-free tundra.
Habitat corresponded to the strongest gradient of among site variation in abiotic measures and
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plant community composition, indicating that alder patch growing conditions were distinct from
those of alder-free tundra. Slope position was generally unimportant in determining
environmental conditions. Alder patches changed the vertical structure of the understory by
increasing the maximum height of birch. Tall shrubs also decreased the richness of tundra
specialists, suggesting that these species face competitive pressures from shrub expansion at the
southern edge of their ranges. Our findings demonstrate that tall shrub patches can substantially
modify their local environment in taiga-tundra ecotone systems, altering available habitat and
acting as niche constructors for the local plant community. These habitats will therefore be
important to consider in regional predictions of hydrology, nutrient cycling, and biodiversity as
shrubs continue to expand across the Arctic.

2.2. Introduction
The cover and productivity of tall, deciduous shrubs has increased across much of the Arctic
over the past century (Tape et al. 2006; Myers-Smith et al. 2011; Lantz et al. 2013) driven by
increases in summer temperatures (Myers-Smith et al. 2015). Shrub expansion has been shown
to elicit physical and biological changes that may have profound consequences for tundra
function in a warmer climate. Increased transpiration, decreased winter albedo, and altered
carbon cycling caused by shifts in shrub cover are expected to significantly modify regional and
global-scale climate feedbacks (Sturm 2005; Swann et al. 2010; Euskirchen et al. 2016). At a
finer scale, shrubs can alter soil moisture dynamics (Vankoughnett & Grogan, 2014), active layer
development (seasonally-thawed soils; Blok et al. 2010), and components of nutrient cycling
(Cornelissen et al. 2007; Vankoughnett and Grogan 2016). These processes represent a suite of
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abiotic conditions which when taken together may result in an expanding land cover type that is
strongly differentiated from adjacent shrub-free tundra.

As shrubs act to alter abiotic conditions they may be considered niche constructors in tundra
systems (sensu Bråthen and Ravolainen 2015) because the new niche space will presumably
affect the relative fitness of plant species growing in the shrub understory. This may result in
differences in species abundance, composition, and/or richness. Due to the canopy-forming
nature of tall shrubs, understory species with the physiological capacity to succeed under lowerlight conditions either through shade-tolerance or avoidance of competition via vertical growth
would be favoured by shrub expansion. The harsh nature of tundra systems has generally
selected for prostrate growth forms in native plants, restricting their capacity for vertical growth
(Billings 1987). Dominance of prostrate species results in intense light environments for tundra
plants, leading to adaptations aimed at minimizing photoinhibition (Lütz 2010) rather than
enhancing shade-tolerance (Billings 1987). For these reasons, plant species specialized to tundra
environments may be particularly sensitive to expansion of canopy-forming tall shrubs. The
presence of tall shrubs may also alter the vertical structure of the tundra plant community, further
modifying the environmental conditions. Studies investigating the effect of tundra shrub cover
on community composition and vertical structure have generally focused on shrub-understory
community interactions within the scale of a sampling plot (Chapin et al. 1995; Walker et al.
2006; Ropars et al. 2015). However, few studies have tested whether the same observations hold
at the scale of a shrub patch which, as a community, may display unique emergent properties
(but see Gill et al. 2014; Vankoughnett and Grogan 2016).
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Topography is recognized as an important determinant of tundra species distributions due to its
influence on snow deposition, water and nutrient availability, wind exposure, and insolation
(Walker 2000). These topographic processes likely interact with the abiotic conditions associated
with tall shrubs. Thus, any effect on understory community composition caused by tall shrub
growth would be expected to display a degree of spatial non-stationarity related to slope position.
Topographic gradients of abiotic variables also play an important role in controlling the spatial
heterogeneity of shrub expansion as shown by the preferential establishment of new shrubs in
downslope positions (Tape et al. 2006; Naito and Cairns 2011). Considering the importance of
topography on Arctic vegetation communities, this downslope expansion may disproportionately
affect understory plant communities near slope bottoms.

Alnus alnobetula (Ehrhart) K. Koch (formerly known as Alnus viridis, green alder - herein
referred to as “alder”) is relatively unique amongst the shrub species undergoing expansion in
tundra ecosystems due to its tall stature (Aiken et al. 2007; Flora of North America Editorial
Committee 2014) and capacity for symbiosis with nitrogen-fixing Frankia bacteria (Densmore
2005). This deciduous shrub is found throughout the boreal and into the low Arctic of western
Canada where it grows in discrete patches across the landscape (Porslid and Cody 1980; Cody
2000). In this study, we measured abiotic conditions and understory community composition in
alder patches and adjacent open tundra (free of continuous tall shrub canopy) at a taiga-tundra
ecotone site in the Northwest Territories, Canada. We hypothesized that 1) alder patches will be
biotically and abiotically distinct from open tundra due to alder’s previously established capacity
for snow capture (Marsh et al. 2010), transpiration (Black, K and Baltzer, J Unpublished
Manuscript), and/or nitrogen fixation (Densmore 2005); 2) the effects of topography will interact

38

with habitat (alder patch vs open tundra) resulting in the greatest biotic and abiotic differentiation
between habitats in bottom slope positions due to downslope movement of water and nutrients
(Walker 2000); 3) alder patches will facilitate altered growth or allocation patterns of species
common to both habitats due to expected increased nitrogen availability (Densmore 2005),
above-ground competition (King 1990), or snow-mediated protection from wind abrasion (Sturm
et al. 2001) and herbivory (Tape et al. 2010); 4) tall shrub cover will negatively influence the
richness of shade-intolerant tundra specialists due to increases in competitive pressure and
consequently reduce overall community richness.

2.3. Methods
2.3.1. Experimental design
This study was conducted at Trail Valley Creek Research Station (TVC) located ~50 kilometers
north of Inuvik, Northwest Territories (68°45’N, 133°30’W) in the northern portion of the taigatundra ecotone (Lantz et al. 2010). Ten sites were chosen within a 2 km radius. Sites were chosen
which contained both alder patches and adjacent open tundra. We constrained sampling to south
to south-east facing slopes, the most common slope-aspect for alder patches at this site. Slopes
ranged from 1.1° to 5.5°. The ten sites were the only suitable sites within 2 km and so were not
randomly selected. A 9 m2 quadrat was established at the top edge, the middle, and the bottom
edge of each patch and at approximately the same slope position in the tundra transects.
Additional quadrats were established adjacent to the top patch edge and bottom patch edge such
that they were situated on the tundra side of the patch edge, but were used only for characterizing
B. glandulosa Michaux (bog birch - herein referred to as “birch”) height patterns.
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2.3.2. Abiotic variables
Abiotic variables were measured within 50 cm of each 9 m2 quadrat. Volumetric soil moisture
integrated for the top 5.7 cm of the soil profile was measured three times at two corners of each
quadrat with a portable Stevens POGO probe (Stevens Water Monitoring Systems Inc., Portland,
OR, USA) and calibrated for the site (Wrona 2016). Measurements were taken at all points in
June 2016. Other incomplete measurement periods (June 2015, July and August 2016) were used
to confirm the representativeness of this single static measure (Supplementary Figure S2.1 &
S2.2). Organic matter thickness was measured at two corners of each 9 m2 quadrat and was
defined as the bottom of the living moss layer (if present) to the top of the mineral soil. End of
season thaw depth was measured as depth to refusal of a metal rod from 19-23 August 2016 in
approximately the same locations as organic matter thickness. Plant Root SimulatorTM (PRS)
Probes (Western Ag Innovations, Saskatoon, SK, Canada) were used to measure the nutrient
supply rate (µg/10 cm2/length of burial) of ammonium, nitrate, magnesium, calcium, potassium,
phosphate, sulphate, manganese, iron, and boron ions. Two pairs of anion and cation probes were
installed at the midpoint between the two corners used for thaw depth, organic matter, and soil
moisture at each 9 m2 quadrat. Each probe was installed vertically, buried at a depth of
approximately 10 cm and left for 57-62 days over the 2016 growing season (Supplementary
Material S2.3). Maximum snow depth within each quadrat was measured 26-30 April 2017 with
a GPS Snow Depth Probe (Snow-Hydro, Fairbanks, AK, USA).

Decomposition rates were measured as part of the Tundra Teabag Experiment (Thomas, H et al.
Unpublished Manuscript). We deployed three pairs of Lipton Roiboos and Green tea bags
(Lipton, Unilever, Dublin, Ireland) at the same location as the PRS probes, buried at a depth of
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approximately 8 cm for 57-62 days over the growing season and calculated percent mass loss.
These data were then used to calculate a decomposition rate (k) and stabilization (S) value for
each quadrat using the methods described by Keuskamp et al. (2013). Stabilization reflects the
proportion of labile material that is left undecomposed due to abiotic conditions. To calculate
decomposition rate this proportion is assumed to be equal between the two tea types and because
Green tea stabilizes quickly and significantly faster than Rooibos, the stabilization of Green tea
can be substituted for that of Rooibos. This value provides an approximation of the labile
fraction of Rooibos which can then be used to find the Rooibos decomposition rate (k) (for
detailed methods see Keuskamp et al. (2013)). These values do not necessarily reflect rates that
would be observed for litter from the site but provide relative decomposition rates determined by
environmental differences across incubation sites.

2.3.3. Understory vegetation composition
Each 9 m2 quadrat was broken into nine 1 m2 quadrats, two of which were randomly selected for
plant community surveys. Lichens and mosses were categorized by functional group (sensu
Johnson et al. 2009) and to genus when possible (Supplementary Table S2.4). Relative
abundance of each taxonomic grouping was estimated visually as continuous percent cover with
rare species being recorded as <1%.
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2.3.4. Statistical analyses
2.3.4.1 Abiotic differences in relation to habitat and topography (Hypotheses 1
and 2)
All statistical tests were conducted using the R statistical environment version 3.4.1 (R Core
Team, 2017) and all figures were created with version 2.2.1 of ‘ggplot2’ (Wickham 2009). To
assess whether among site variation in abiotic conditions corresponded to differences in habitat
or slope position we used PCA() from ‘FactoMineR’ (version 1.41; Le et al. 2008) to perform a
principal components analysis (PCA) on the scaled abiotic variables. Variables whose
contribution to a particular component was greater than expected under a uniform distribution
were considered the most important in explaining variation of that component. We then tested
whether variation in principal component 1 (PC1) was explained by habitat or slope position by
extracting the site scores and running a linear mixed effects model using lmer() in the package
‘lme4’ (Version 1.1 – 13; Bates et al. 2015). Habitat, slope position, and their interaction were
treated as fixed effects and site was treated as a random effect to account for the nested sampling
design. P-values were calculated using the Satterthwaite approximation of degrees of freedom
and Type III analysis of variance using the anova() function of ‘lme4’ (Bates et al. 2015) for all
linear mixed effects models in this study. While the PCA identifies the dominant abiotic
variables driving total among site variation, we recognize it may not capture patterns of
individual variables. To address this, additional univariate tests were run for each of the 16
variables using site as a random effect. False discovery rate (FDR) was used to correct for the
large number of univariate tests and was calculated through p.adjust() from the ‘stats’ package
(version 3.4.1; R Core Team 2017). Log transformations were applied to univariate models of
decomposition rate, as well as potassium, phosphate, iron, manganese, and sulphate availability.

42

Two quadrats were removed from the abiotic data as outliers. These included values of iron
availability and mass loss which were unreasonably high and were considered measurement
errors.

2.3.4.2 Plant community differences in relation to habitat and topography
(Hypotheses 1 and 2)
To visualize differences in understory species composition according to habitat type and slope
position we used non-metric multidimensional scaling (NMDS) with a Bray-Curtis distance
matrix, performed using metaMDS() from the ‘vegan’ package (version 2.4-3; Oksanen et al.
2017). Alder cover was excluded as we were interested in the influence of alder on the
remaining understory community. Very young Pedicularis sp. individuals were also excluded as
we could not distinguish among the three Pedicularis species within these new recruits. The
dimensionality of the ordination was determined by the dimension at which stress was
minimized. The adonis2() function from the ‘vegan’ package was used to conduct a
PERMANOVA test to assess differences in community composition amongst habitat types and
slope positions. This was performed using a Bray-Curtis distance matrix. To maintain the proper
independence structure, permutations were conducted within sites. The function betadispers()
(Oksanen et al. 2017) was used to examine the spread of each group and the anova() function (R
Core Team 2017) was used to test whether beta dispersal differed among groups.
The community data was also pooled into functional groups (Supplementary Table S2.4) and
differences were assessed using linear mixed effects models with FDR corrected p-values. The
bryophyte and sedge data required square root transformations to meet assumptions of ANOVA.
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Post-hoc Tukey tests were used to compare between factor levels using glht() in the ‘multcomp’
package (version 1.4-8; Hothorn et al. 2008).

2.3.4.3 Patch facilitation of height growth of other taxa: Birch case study
(Hypothesis 3)
To test the hypothesis that shrub growth would alter the vertical structure of understory
vegetation we used birch as a case study and asked two questions 1) does birch height differ by
habitat and slope position? and 2) does birch height differ by distance from the patch centre? In
both cases maximum height of birch shrubs was analyzed using linear mixed effects models. To
answer the first questions the full model was run with habitat, slope position, and their
interaction as fixed effects and site as a random effect. To answer the second question a model
was run in which quadrats were categorized relative to the centre of the patch, rather than slope
position. This factor, Patch Position, (i.e. patch centre (n=10), patch edge (n=20), tundra edge
(n=20), and tundra (n=20)) was treated as the fixed effect and site as a random effect. Because
we were specifically interested in differences between sequential positions, three a priori
contrasts were used to test only these differences (i.e. patch centre vs patch edge, patch edge vs
tundra edge, and tundra edge vs tundra). Significance of contrasts was tested using the lmertest()
function from version 2.0-33 of the ‘lmerTest’ package (Kuznetsova et al. 2016).

2.3.4.4. Tall shrub effect on tundra specialist richness (Hypothesis 4)
Species in our understory vegetation plots were categorized by biogeographic distribution specifically whether they were limited to the tundra (tundra specialists) or their distribution
straddles taiga and tundra biomes (generalists) as described in Porslid and Cody (1980)
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(Supplementary Table S2.4). The effect of tall shrub cover on the richness of these species was
assessed using a generalized linear mixed model (GLMM) with a Poisson family distribution and
log link function (glmer() function from the ‘lme4’ package; Bates et al. 2015) using habitat and
birch cover as fixed effects and patch as the random effect. P-values were calculated using Wald
chi-square scores using the Anova() function of the ‘car’ package (Fox and Weisberg, 2011).
Species accumulation curves were calculated for vascular species using the specaccum() function
of the ‘vegan’ package.

2.4. Results
2.4.1. Abiotic differences in relation to habitat and topography
Axis 1 of the PCA of abiotic conditions in patches and tundra explained 25% of variation in the
16 abiotic variables measured and was the only component to occur before the breakpoint of the
scree plot (Supplementary Figure S2.5). Greater snow depth, and ammonium and potassium
availability were associated with quadrats from alder patch sites while greater end of season thaw
depth, soil moisture, calcium availability, and, to a lesser degree, faster decomposition rates were
associated with tundra sites (Figure 2.1). The mean site scores of PC1 were found to differ
significantly between habitat types (F(1,43.098)=42.102, P=0.001). However, there was no
difference in site scores among slope positions (F(1,43.113)=1.478, P=0.239). PC2 explained 12.5%
of the variation and was driven primarily by manganese and iron concentrations (Figure 2.1).
Patterns of among site variation as indicated by the PCA largely aligned with results of
univariate tests (Supplementary Figure S2.6). The exceptions were that sulphate availability was
significantly greater (F(1,43.315)=8.841, P=0.033) and organic matter thickness was significantly
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shallower (F(1,52)=9.605, P=0.030) in tundra sites, whereas potassium did not differ significantly
between habitats (F(1,43.162)=5.292, P=0.126). Snow depth was also found to increase downslope
(F(1,43.418)=9.393, P=0.005) which was not captured by the PCA.

2.4.2. Plant community differences in relation to habitat and topography
A four-dimensional NMDS was selected as the best low dimensional representation of the
vegetation community distance matrix, resulting in a stress of 0.080 (Supplementary Figure
S2.7). Differences between habitats were most prominent along the third NMDS axis (Figure
2.2, Supplementary Figures S2.8, S2.9 & S2.10). Vegetation community composition differed
significantly by habitat type (FPERMANOVA(1)=7.9384, P=0.001) but not slope position
(FPERMANOVA(2) =0.8617, P=0.256). The ANOVA of beta dispersion suggests that there are no
differences between habitats (F(1)=0.8653, P=0.356) and hence the centroids of patch and tundra
habitats likely differ significantly.

When pooled as functional groups, evergreen shrub cover (F(1,45)=4.738, P=0.013) and litter
cover (F(1,45)=41.031, P<0.0001) were both greater in alder patches than open tundra regardless
of slope position (Figure 2.3). The difference in lichen cover between habitats was dependent on
slope position with decreased cover in alder patches at the top and middle positions, but no
difference at the bottom (F(2,45)= 5.538, P=0.007). Bryophyte cover only differed between
habitats at the bottom position, where it was less abundant in patches than in tundra (F(2,45)=
8.746, P=0.001).
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2.4.3. Patch facilitation of height growth of other taxa: Birch case study
Maximum birch height was greater in the alder patches than in open tundra
(F(1,38.44)=13.199,P=0.001), but did not differ by slope position (F(2,38.41)=0.678,P=0.514) (Figure
2.4a). Maximum birch height also differed by distance from patch centre (F(3,49.45)=2.993,
P=0.040) (Figure 2.4b). There was no difference between patch centre and patch edge
(t49.28=0.839, P=0.406), but birch was shorter at the tundra edge than the patch edge (t49.28=2.647,
P=0.011) and shorter in the tundra than at the tundra edge (t49.28=-2.157, P= 0.358).

2.4.4. Tall shrub effect on tundra specialist richness
Tall shrubs negatively influenced the richness of tundra specialists at our study site. Both birch
cover (c2(1)=4.314, P=0.038) and habitat (c2(1)=6.557, P=0.010) were found to contribute to this
relationship (R2M=0.121, R2C=0.638) (Figure 2.5). Total plot scale vascular species richness did
not differ between habitats (c2(1)=0.050, P= 0.823), but was negatively influenced by birch cover
(c2(1)= 5.080, P= 0.024). Cumulative richness did differ by habitat with a total of 30 species in
patches and 33 species in tundra sites (Supplementary Figure S2.11).

2.5. Discussion
Our study clearly demonstrates that alder patches are biotically and abiotically distinct from open
tundra at this taiga-tundra ecotone. Habitat was strongly differentiated by a gradient of snow
depth, soil moisture, end of season thaw depth, nutrient availability, and to a lesser degree,
decomposition rates. These conditions, in combination with the competitive pressure of the tall
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shrub canopy, resulted in greater evergreen shrub cover in alder patches as well as slope
position-dependent differences in lichen and bryophyte cover. Aside from bryophyte and lichen
interactions, slope position did not result in distinct understory communities and did not
correspond to the primary drivers of among site abiotic variation. Furthermore, we demonstrated
through our case study of birch height that alder patches have the potential to alter the growth or
allocation patterns of understory species. Tall shrub cover negatively influenced the richness of
tundra specialists, suggesting that these specialists face important competitive pressures from
shrub expansion at the southern edge of their ranges. Taken together our results suggest that
alder patches can substantially modify their local environment at taiga-tundra ecotones, altering
available habitat and acting as niche constructors for the local plant community.

2.5.1. Abiotic and biological differences between habitats
Due to the nature of our experimental design it is possible that the difference in abiotic and biotic
conditions here reported are the cause, rather than the consequence, of alder shrub growth. We
suggest that the latter is the most likely for two primary reasons: 1) there is ample evidence from
previous studies documenting the direct effect of shrub growth on several of the variables
measured in this study (e.g. Blok et al. 2010; Bühlmann et al. 2016; Densmore 2005; Sturm et al.
2001); 2) in the absence of a shrub effect, the factors most likely to constrain shrub patch
formation (e.g. differences in soil development, hydrological patterns, or underlying geology)
would not likely vary strongly across the same hill slope. While possible, we suggest this
explanation is less likely than that of shrub mediated environmental responses.
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Variation in abiotic conditions was strongly associated with habitat. This was particularly clear
in the gradient of nutrient availability. For example, ammonium availability was generally
greater in alder patch sites (Figure 2.1 and Supplementary Figure S2.6). Because snow was
deeper in alder patches, the greater ammonium availability could be explained by increased
subnivean decomposition as a result of warmer soil temperatures (Schimel et al. 2004).
Alternatively, the difference in ammonium availability may be due to the high nitrogen inputs of
alder litter resulting from its symbiotic relationship with nitrogen-fixing bacteria (Hiltbrunner et
al. 2014). Variation in nutrient regimes associated with habitat was also driven by a negative
relationship between potassium and calcium availability, with calcium positively associating
with tundra sites and potassium associating with patches (Figure 2.1), albeit not differing
significantly among habitats (Supplementary Figure S2.6). Decomposition studies have shown
potassium to exhibit short residence times in decomposing litter, while calcium is generally
retained for longer (Berg and Staaf 1980; Jonasson 1983). These differences, in addition to lesser
litter inputs in tundra sites, may explain some of the observed trade-off, though confirming this
requires further study. Because nitrogen-fixing plants often increase phosphorus mobility
(Giardina et al. 1995), it is interesting to note that we observed no difference in phosphate
availability between habitats (Figure 2.1), possibly due to rapid uptake by other taxa.

Decomposition rates were moderately associated with PC1 which suggest slightly greater
summertime decomposition rates in the tundra habitat. While much of the emphasis of the shrub
expansion literature has been focused on positive feedbacks on winter decomposition in shrub
patches, our findings may provide evidence for previously hypothesized negative feedbacks in
the summer caused by shading and shallow active layers (Buckeridge et al. 2010). We note
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however that the standard substrate method used here reflects environmental conditions and not
litter quality which can strongly influence decomposition rates (Hobbie 1996). Organic matter
thickness was greater in alder patches according to univariate tests (Supplementary Figure S2.6),
likely due to greater litter inputs. We suspect this difference in organic matter thickness is not the
primary driver of the nutrient gradient between habitats indicated by PC1 in the PCA as organic
matter was not associated with this component and explained little among-site variation (Figure
2.1).

Alder patches consistently maintained drier soils than open tundra plots (Figure 2.1,
Supplementary Figure S2.1). We suggest that these results are due to greater transpirative fluxes
of water out of the soil driven by greater requirements of tall shrubs relative to other tundra
vegetation (Lawrence and Swenson 2011; Black, K and Baltzer, J Unpublished Manuscript).
There are several potential causes of the shallower end of season thaw depth observed in patches.
Firstly, greater snow accumulation in alder patches generally reduces the snow-free period at our
study site. For example, in 2017 snow was present on average seven days longer in alder patches
than in the tundra (Wallace, C and Baltzer, J Unpublished Data), resulting in later initiation of
ground thaw. Shading from the shrub canopy also results in lower solar radiation at the soil
surface (Blok et al. 2010), which in combination with decreased soil moisture means slower heat
transfer though the soil (Endrizzi et al. 2011). Taken together the differences in soil moisture,
snow depth, and end of season thaw depth result in markedly different hydrological conditions
between habitats.
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To our knowledge this study reports the first evidence that alder patches support distinct
vegetation communities compared to surrounding open tundra north of the treeline. At the
species level, community differences attributed to habitat were primarily driven by differences in
abundance of species and cover types rather than presence or absence, though there were habitatspecific exceptions such as Pinguicula villosa in the tundra and Andromeda polifolia in patches
(Figure 2.2, and Supplementary Figures S2.8 & S2.9). When species were categorized by
functional group, we found that evergreen shrub cover was greater in alder patches than in open
tundra sites (Figure 2.3). Evergreen shrub species have been shown to have the capacity to
photosynthesize under the snow in the spring (Starr and Oberbauer 2003). This suggests that
individuals in shrub patches could begin growing earlier while remaining protected from early
spring desiccation and frost events, providing a competitive advantage over exposed individuals
in tundra sites (Blok et al. 2015) or annuals and deciduous shrubs that do not start growing until
after snowmelt. The increase in evergreen shrub cover contrasts with observations of decreased
evergreen shrub cover in experimental plots associated with deciduous shrub canopies (Chapin et
al. 1995), though moderate increases have been observed in experimental warming plots across
the Arctic (Elmendorf et al. 2012). The inter-study variability of evergreen shrub responses may
relate to the relative resource availabilities within different types of deciduous shrub patches and
deserves further study.

Lichen cover displayed a more complex trend than expected. There is strong evidence from
experimental and observational studies that tall shrub growth often decreases lichen abundance
by way of competition (e.g. Chapin et al. 1995; Moffat et al. 2016). We found reduced lichen
cover in the top and middle positions of alder patches relative to open tundra, however mean
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lichen cover in the tundra bottom did not differ from the patch bottom (Figure 2.3) and was
almost half that of the other tundra positions. The pattern of lichen cover is not explained by soil
moisture, which did not differ among slope positions (Figure 2.1). However, extreme rain events
would likely lead to more frequently saturated soils at slope bottoms and would not be captured
by our static soil moisture data. These temporary flooding events may be enough to reduce the
relative fitness of lichens and provide a competitive advantage to bryophytes, which appear to
have at least partially replaced lichens at the bottom tundra positions (Figure 2.3). The
downslope increase in bryophyte abundance did not occur in the alder patches however. As with
lichens, several experimental studies have reported competition-driven declines in bryophytes
with increased shrub cover (Chapin et al. 1995; Walker et al. 2006). Interestingly our data
suggest that alder-induced reductions in total bryophyte cover appear to be limited to the bottom
of these slopes (Figure 2.3). However, we note it is possible that bryophyte community
composition changed without altering total cover.

As expected, tall shrubs were negatively associated with tundra specialist richness (Figure 2.4).
Decreased richness may be explained by competitive pressures as tall shrubs have been known to
be strong competitors for light and nutrients in tundra systems (Bret-Harte et al. 2001; Chapin et
al. 1995). Given the positive relationship between birch cover and alder patches we cannot
determine whether the habitat effect was due to direct influences of alder cover or indirect
influences on birch growth. Our data suggest that alder patches as a community have a
detrimental impact on tundra specialist richness at the plot scale. We note that while statistically
significant, the explanatory power of this relationship was relatively weak (R2M=0.121,
R2C=0.638). This may be caused by a mismatch between the size of our sampling quadrat (1 m2)
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and the scale of biotic interactions in tundra systems (McNickle et al. 2018). Total plot scale
vascular plant richness also declined with birch cover but did not differ between habitats
suggesting compensation by generalist species in alder patches. There was however greater
cumulative species richness in tundra habitats indicating greater species turnover at the landscape
level (Supplementary Figure S2.11).

2.5.2. Slope position effect on abiotic and biological conditions
Slope position did not correspond to the dominant drivers of abiotic variation among sites
(Figure 2.1). Out of sixteen abiotic variables, only snow depth differed by slope position,
increasing in depth downslope (Supplementary Figure S2.6). In general, our data suggest that
habitat explained considerably more variation in abiotic conditions than slope position (Figure
2.1). This was surprising as Arctic slopes generally represent a gradient of nutrient and moisture
availability (Walker 2000), which has been proposed as an explanation of observed downslope
expansion and productivity gradients of tundra shrubs (Tape et al. 2012). At our study site alder
regeneration is greatest in the undisturbed tundra directly downslope of mature alder patch edges
(Wallace, C and Baltzer, J Unpublished Data). The lack of moisture or nutrient differences
among slope positions in either habitat suggests slope-related resource gradients are not behind
the observed pattern of regeneration at this site. Variation in snow depth, or spatially
heterogeneous seed dispersal constrained by topographic processes such as overland flow or
wind-blown seed transport may explain these patterns, though further investigation is required.
Understory community at the species level did not differ among slope positions (Figure 2.2).
Slope position only influenced the cover of lichen and bryophyte functional groups. This
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suggests that future shrub expansion will affect the vascular plant community equally regardless
of the direction of spread.

2.5.3. Patch facilitation of height growth of other taxa: Birch case study
While “halos” of tall birch surrounding alder individuals have been observed anecdotally (Tape
et al. 2006), our findings of greater cover and maximum birch height in alder patches represent
the first empirical evidence that the trend is generalizable to the patch scale. We suggest three
potential explanations for the pattern we observed. First, due to the protection that snow provides
vegetative buds, snow depth may act as an upper boundary of height growth for birch. Deeper
snow in shrub patches should therefore allow for greater maximum height. Second, as height
growth is often an adaptive response to light limitation (King, 1990), the increased height of
birch may be a response to aboveground competition, with birch competing with alder for light
availability. The third hypothesis is that increased nutrient availability (through nitrogen fixation
or other biogeochemical processes) allows greater biomass growth. While the second hypothesis
mostly involves reallocation of resources, the first and third hypotheses approach true facilitation
in the sense that the plant increases in total mass, though the effect on reproduction is unknown.
Regardless of the cause, this interaction between alder and birch is important to consider in the
fine-scale processes of patch dynamics. Birch is often the “co-dominant” species in alder patch
canopies at this site (Wallace, C Personal observation) and many of the trends reported in this
study could be exacerbated by changes in allocation patterns or overall increased growth of birch
shrubs.
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2.5.4. Consequences of future expansion
The data presented in this study provide an approximate framework for predicting future
conditions at the taiga-tundra ecotone as alder shrubs continue to increase in areal extent and
productivity. Differences in hydrological patterns between the two habitats are particularly
noteworthy. Delayed snowmelt in the spring due to increased snow capture by alder shrubs may
have substantial influence on the timing and duration of the spring freshet. If the drier soils in
alder patches result from stronger transpirative fluxes of water from the soil to the atmosphere,
further increases of shrub cover may result in reduced run-off into streams throughout the
growing season potentially affecting water resources in this low Arctic system. Increased
atmospheric water content can also have important consequences on climate. For example, latent
heat transfer to the atmosphere due to transpiration has been predicted to increase local warming
in the Arctic with global implications (Swann et al. 2010).

Our vegetation community data suggests that replacement of open tundra with alder patches may
facilitate increases in evergreen shrub cover. Increased evergreen cover would lead to more
recalcitrant litter as well as greater photosynthetic activity occurring in the spring and early
summer, with potentially important consequences on carbon emissions and plant nutrient uptake
(Christiansen et al. 2018). We also provide evidence that the growth of one deciduous shrub
species can modify the structure and increase the cover of another, potentially amplifying the
effects of shrub expansion. While the precise mechanism remains unclear, the negative effect of
tall shrubs on plot-scale tundra specialist richness is an important finding considering the
potential for future shrub expansion at the taiga-tundra ecotone. When combined with the
physiological stress coincident with climate change this may restrict or reduce abundance at the
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southern range of these species and shift the composition of this ecotone community towards
more generalist species. In general, our findings suggest that alder patches are not simply a
collection of shrubs growing on tundra, but rather form a distinct land cover class that modifies
growing conditions, niche availability, and biotic community composition. This result suggests
alder patches are important to consider in coarse-scale predictions of hydrology, nutrient
dynamics, and habitat availability as shrubs continue to increase in cover in the region.
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2.8. Figures

Figure 2.1: Principal components analysis (PCA) of abiotic variables. Values in parentheses on
the axes labels represent the amount of variation in abiotic conditions explained by each
component. A) Scores for individual 9 m2 quadrats across ten paired open tundra – shrub patch
sites. B) Variable loadings corresponding to the scores in A). Variables in black had a greater
contribution to PC1 than expected under a uniform distribution. Nutrient availability is labelled
according to standard element abbreviation with the exception of NH4 and NO3 which refer to
ammonium and nitrate availability respectively (µg/10cm2/length of burial). The labels “Stab”
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and “DecompRate” refer to stabilization and decomposition rate respectively as calculated by
Keuskamp et al. (2013). Soil moisture refers to volumetric soil moisture integrated to a depth of
5cm. Frost table (cm) refers to the depth of thawed soil at the end of the summer. “OMThick”
refers to the thickness of organic matter at each site in cm and “SnowDepth” is the end of season
snow depth in cm.
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Figure 2.2: 4-dimensional non-metric multidimensional scaling (NMDS) of vegetation
community composition. Plot displays axes 2 and 3 to best represent differentiation between
habitats. Points represent the site scores of individual 9 m2 quadrats. “Patch” refers to quadrats
located within alder patches while “Tundra” refers to quadrats located in open tundra without a
shrub canopy. Plant communities were measured on hillslopes allowing for comparisons at
different topographic positions. Greater distances between points correspond to larger
differences in community composition. Centroids of habitat are represented by coloured “X”.
Stress for this NMDS was 0.080.
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Figure 2.3: Cover anomalies for plant functional groups. Values represent the difference in mean cover of functional groups in alder
patches compared to tundra sites (alder patch cover-tundra cover). Bars represent standard error (n=10). A) Values for the full effect of
habitat regardless of slope position. Black points indicate significant differences between habitats (P<0.05) as calculated using
ANOVA of mixed effects models (see Methods). Grey points represent functional groups with significant interactions terms. B)
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Values for individual slope positions for functional groups with a significant interaction term. Black points indicate significant
differences between habitats as calculated by Post-hoc Tukey tests.
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Figure 2.4: Maximum birch height observed in vegetation plots. A) Maximum height in alder
patches and open tundra. Horizontal lines indicate median and white diamonds indicate the
mean. Statistical significance (P<0.05) is indicated by an asterisk (*). B) Maximum height
grouped by position relative to the centre of the patch. Patch centre is the midpoint between the
upslope and downslope edges of an alder patch. Patch edge is the interior edge of the alder patch.
Tundra edge is the exterior edge of the alder patch. Tundra represents open tundra. Horizontal
lines indicate median and black diamond indicates the mean. Statistical significance (P<0.05) is
indicated by an asterisk (*). Brackets show tested a priori contrasts.
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Figure 2.5: Tall shrub effect on quadrat level tundra specialist richness. A) Relationship between
birch cover and tundra specialist richness. Shaded area represents standard error. B) Tundra
specialist richness comparison between alder patch and open tundra. Horizontal lines indicate
median and white diamonds indicate the mean. Statistical significance (P<0.05) is indicated by
an asterisk (*).
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2.9. Supplementary Material

Figure S2.1: Volumetric soil moisture. From A) June 2015 and B) June, July, and August 2016.
Colour corresponds to quadrats in alder patches (light grey) and tundra (dark grey). Horizontal
lines indicate median and white diamonds indicate the mean. Statistical significance (P<0.05) is
indicated by an asterisk (*).
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Text S2.2. Soil Moisture Details.
Soil moisture data used in the Principal Components Analysis of abiotic variables was measured
in 2016, while the vegetation community data was measured in 2015. Because soil moisture is
temporally variable we used the cor() function of the stats package (R Core Team 2017) to run
spearman rank correlations between the years to assess whether site rankings of soil moisture
were consistent over time. The spearman rank correlation of the 2015 and 2016 patch soil
moisture data was 0.806. The rank correlation for the 2015 and 2016 open tundra soil moisture
however was 0.273. Despite this inter-annual variability tundra locations were significantly
wetter than patch conditions regardless of year or sampling period (2015: F(1,45)= 19.0914,
P<0.0001; 2016: F(1, 98.515)= 5.0490, P=0.027)(See Fig. S2.1). We detected no temporal trend in
soil moisture within a measurement period in either year.
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Text S2.3. Method detection limits for Plant Root Simulator probes.
Both ammonium and nitrate bioavailability analyses resulted in large numbers of values that
were below method detection limits (mdl). For ammonium 37 out of 58 (64%) samples were
under mdl and for nitrate 51 out of 58 were below mdl (88%). This was not surprising given the
general pattern of low nitrogen availability in tundra environments (Chapin et al. 1995; Atkin
1996). There are several methods of dealing with data below mdl, fabrication -the process of
replacing ‘nodetect’ values with a constant which is generally a fraction of the mdl- and
maximum likelihood estimation are the most common. In this study values provided by the lab
for measurements below mdl were used in analyses. We chose to use the provided values
because fabrication has been shown to lead to large errors in parameter estimation and maximum
likelihood estimation was not feasible for our intended analyses (Helsel 2006).

References
Helsel DR. 2006. Fabricating data: How substituting values for nondetects can ruin results, and
what can be done about it. Chemosphere 65:2434–2439. doi:
10.1016/j.chemosphere.2006.04.051
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Table S2.4: Table of species and ground cover classes observed in vegetation plots. The column
“NMDS Code” refers to the label used in the NMDS species plot (Figure S2.8). The column
“Common Representatives” refers to the most commonly observed species of classes which were
recorded at a coarser taxonomic level. The column “Tundra Specialist?” refers to whether the
biogeographical range as described by Porslid and Cody (1980) is constrained to above the
treeline. “Functional Group” identifies which functional group a particular species belongs to.
Genus

Species

NMDS Code

Common
representatives

Pyrola

grandiflora

PyrGra

Tundra
Specialist?
No

Vaccinium

uliginosum

VacUli

No

Vaccinium

vitis-idaea

VacVit

No

Empetrum

nigrum

EmpNig

No

Pedicularis

labridorica

PedLab

No

Pedicularis
Pedicularis
Salix

arctica
capitata
glauca

PedArc
PedCap
SalGla

Yes
Yes
No

Betula

glandulosa

BetGla

No

Petasites
Saussurea
Arctostaphylos

frigidus
angustifolia
alpina

PetFri
SauAng
ArcAlp

No
Yes
NA1

Rosa

acicularis

RosAci

No

Cerastium
Senecio
Orthilia

arvense
atropurpureus
secunda var.
obtusata

CerArv
SenAtr
OrtSec

Yes
Yes
No

Deciduous
Shrub
Forb
Forb
Forb

Rubus
Hedysarum

chamaemorus
alpinum

RubCha
HedAlp

No
No

Forb
Forb

May also
include A.
rubra. Could
not distinguish
at time of
sampling and
both present at
site
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Functional
Group
Forb
Deciduous
Shrub
Evergreen
Shrub
Evergreen
Shrub
Forb
Forb
Forb
Deciduous
Shrub
Deciduous
Shrub
Forb
Forb
Deciduous
Shrub2

Pinguicula
Dryas

villosa
integrifolia

PinVil
DryInt

No
Yes

Equisetum
Rhododendron

scirpoides
groenlandicum

EquSci
RhoGro

No
No

Rhododendron

lapponicum

RhoLap

Yes

Rhododendron

tomentosum

RhoTom

No

Vaccinium

oxycoccus

VacOxy

No

Tofieldia
Cardamine
Andromeda

pusilla
digitata
polifolia

TofPus
CarDig
AndPol

Yes
Yes
No

Salix

richardsonii

SalRic

Yes

Cladina

Li.S.Cladina

Other shrub
lichens

Li.S.Other

C. stellaris
C. stygia
C. rangiferina
C. mitis
Bryocaulon
divergens

Forb
Evergreen
Shrub
Pteridophyte
Evergreen
Shrub
Evergreen
Shrub
Evergreen
Shrub
Evergreen
Shrub
Forb
Forb
Evergreen
Shrub
Deciduous
Shrub
Lichen

Lichen

Gowardia
nigricans

Club lichens

Alectoria
ochroleuca
Flavocetraria
cucullata

Li.Club

Lichen

Flavocetraria
nivalis
Foliose lichens

Li.Foliose

Liverworts

Liverwort

Miscellansous
mosses
NonEriphorum
sedges
Anemone
Oxytropis

Moss.Other

Arctagrostis

Cetraria sp.
Not identified to
species
Not identified to
species

latifolia

Bryophytes
Bryophytes

Sedge.Other
parviflora

Lichen

Not identified to
species

AnePar
Oxytropis sp.

Sedge
No

Forb
Forb

Yes

Grass

Not identified to
species

ArcLat

75

Litter
Bare ground
Feather mosses

Litter
Bare.Ground
Moss.Feather

Litter
Bare ground
Bryophytes

Hylocomnium
splendens
Pleurozium
schreberi

Sphagnum
mosses
Stereocaulon
lichens
Eriophorum

Moss.Sphagnum

Coarse woody
debris

CWD

Crustose
lichens
Salix

Li.Crustose

Li.S.Stereocaulon
Sedge.Eriophorum

pulchra

Not identified to
species
Not identified to
species
Primarily E.
vaginatum

Bryophytes
Lichens
Sedges
Coarse
Woody
Debris
Lichens

Not identified to
species

SalPul

No

Deciduous
Shrub

1

Arctostaphylos alpina is a tundra specialist while Arctostaphylos rubra is not. Because the two
species were pooled in this study we were unable to include them in the richness analysis.
2

Arctostaphylos alpina is marcescent while Arctostaphylos rubra is fully deciduous. Because the
two species were pooled in this study both were considered deciduous.
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Figure S2.5: Scree plot from Principal Components Analysis (PCA) of abiotic variables. This
figure illustrates the variation explained by each principal component.
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Figure S2.6: Individual abiotic variable responses to habitat and slope position. Variables were
measured in alder patches (grey) and open tundra (dark grey) sites as well as three slope
positions (top, middle, and bottom). Median is indicated by a horizontal line, while mean is
represented by a black diamond. Symbols above each panel indicate statistical significance of
habitat (*) or slope position (†) in the corresponding mixed effects model, where P<0.05=*,
P<0.01=**, and P<0.001=***.
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Figure S2.7: Plot of stress associated with the number of dimensions of the NMDS of understory
vegetation community. The x axis represents the number of dimensions (k). Stress represents the
quality of low-dimensional representation of the original distance matrix. The dashed line
indicates the number of dimensions for which stress was minimized and hence the number used
in the final analysis.
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Table S2.8: Species and ground cover classes whose abundance drove the greatest variation
between habitats in the NMDS of the understory vegetation community. Species were selected
based off of the position of their scores along NMDS axis 3 as site scores were most
differentiated between habitats along this axis. Species are listed here in order from greatest to
smallest distance from origin.
Community
Patch

Species/ Ground Cover
Coarse Woody Debris (CWD)
Rhododendron groenlandicum
Andromeda polifolia
Anemone parviflora
Equisetum scirpoides
Salix richardsonii
Cerastium arvense
Saussurea angustifolia
Tofieldia pusilla
Vaccinium oxycoccus

Tundra

Salix pulchra
Pinguicula villosa
Stereocaulon spp.
Marchantiophyta spp. (liverworts)
Hedysarum alpinum
Pedicularis arctica
Foliose lichens
Crustose lichens
Pedicularis labradorica
Eriophorum spp.
Oxytropis sp.
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Figure S2.9: Species scores for vegetation community NMDS axes 2 and 3. Site scores
displayed the most variation between habitats along axis 3. For label meanings see Table S2.4.
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Figure S2.10: Site scores for all axes of the NMDS of vegetation community composition.
Points represent individual 9 m2 quadrats across ten paired open tundra -shrub patch sites. Black
points indicate quadrats from tundra sites and grey are those from alder patches. Shape
corresponds to slope position with circle, square, and triangle representing bottom, middle, and
top respectively.
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Figure S2.11: Species accumulation curves of vascular plant species found in tundra (black) and
alder patch (grey) sampling quadrats. Vertical bars indicate 95% confidence intervals.
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Chapter 3: Seed accumulation patterns influence spatial heterogeneity of
shrub recruitment within the taiga-tundra ecotone
Cory A Wallace, Evan J Wilcox, Philip Marsh, Trevor C Lantz, and Jennifer L Baltzer

Author roles: CW and JB developed the initial study design and hypotheses. TL and PM
provided input on study design, methods of data collection, and analysis. CW collected the data
and wrote the manuscript. EW and PM provided drone imagery. All authors provided direction
and feedback throughout the writing process.

3.1. Abstract
Trends in shrub productivity across the Arctic are variable both at coarse and fine spatial scales,
with the majority of within-site studies documenting the strongest rates of shrub expansion in
landscape positions that accumulate water. While considerable work has focused on the
mediating effect of moisture and nutrients on shrub growth responses to warming, less is known
about the mechanisms constraining recruitment-driven expansion. Because successful
recruitment by sexual reproduction at a given location relies on both arrival of seed and suitable
environmental conditions, it is possible that spatial patterns of seed dispersal exert some control
over fine-scale variability of shrub recruitment in tundra environments, particularly considering
the generally low viability rates of seed in these systems. Ground cover suitability for
recruitment also has the potential to control fine-scale heterogeneity, though in situ studies of
these relationships in undisturbed sites have been limited. Here, we address these research gaps
by developing a series of models to represent seed accumulation mechanisms around three Alnus
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alnobetula (green alder) patches at the taiga-tundra ecotone of the Northwest Territories and pair
these models with observations of seed and seedling density. We also establish transects aimed at
addressing relationships between seedling abundance, topographic position, and ground cover.
We found a surprisingly complex pattern of recruitment heterogeneity at our study site, with
preferential expansion occurring beneath alder patches only on the steepest slopes. Mechanistic
models of seed accumulation representing overland hydrochory, wind dispersal, and distance
from the nearest alder patch were important predictors of seedling recruitment. We propose the
simplest explanation of this is localized seed limitation around alder patches, which if true,
suggests that the spatial patterns of alder recruitment may not respond as expected to changing
environmental conditions. There was no evidence that topographically-derived resource
availability constrained recruitment, however ground cover, specifically prevalence of Sphagnum
mosses was an important predictor regardless of topographic position. Taken together our data
suggest that developing models of shrub expansion that include both dispersal and environmental
constraints may increase our ability to predict landscape patterns and potential rates of tall shrub
expansion.

3.2. Introduction
The density, cover, and growth rates of deciduous shrubs are increasing across much of the
Arctic though this trend, known as shrub expansion, displays variability at fine and coarse scales
(Myers-Smith et al. 2011, 2020; Ropars and Boudreau 2012; Frost et al. 2013; Ropars et al.
2015). Many fine-scale studies have documented preferential increases in shrub cover and
recruitment at the base of slopes, in valley bottoms, and other areas that accumulate water (Tape
et al. 2006; Naito and Cairns 2011; Cameron and Lantz 2016). This relationship between shrub
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expansion and landscape position is generally attributed to a spatially-constrained release of
moisture and/or nutrient limitation, which enhances the response of shrubs to climate warming
(Tape et al. 2012; Campbell et al. 2020). While the mediating effect of moisture and nutrient
availability on individual shrub productivity responses to warming has been well studied (Chapin
et al. 1995; Elmendorf et al. 2012; Myers-Smith et al. 2015), less is known about the specific
mechanisms behind recruitment-related expansion. Although vegetative reproduction is
generally considered the dominant form of recruitment in Arctic plants (Bliss 1971), shrub
species have increased both reproductive effort and reproductive success in response to warming
(Klady et al. 2011) and there is evidence that colonization by sexual reproduction has contributed
to recent tall shrub expansion (Tremblay et al. 2012; Lantz et al. 2013). Tundra shrubs have been
shown to influence a wide range of ecosystem properties such as snow accumulation (Pomeroy
et al. 1993; Sturm et al. 2001), surface energy balance (Sturm 2005; Chapin et al. 2005; Marsh et
al. 2010), wildlife habitat availability (Joly et al. 2010; Boelman et al. 2014), and permafrost
conditions (Blok et al. 2010; Frost et al. 2018; Wilcox et al. 2019). As such, understanding the
mechanisms driving fine-scale spatial variability in recruitment-driven shrub expansion is critical
for predicting future changes in tundra ecosystem structure and function.

Fine-scale spatial variation in shrub recruitment is constrained by two primary factors: arrival of
seed at a site and environmental conditions suitable for establishment and survival (Moore and
Elmendorf 2006). Sites where increased seed arrival results in greater recruitment are considered
seed limited as population growth is constrained by seed abundance rather than environmental
suitability (Turnbull et al. 2000). While hypotheses regarding preferential shrub recruitment have
primarily focused on variation in environmental constraints (i.e., topographically-derived
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resource gradients), it is also possible that seed limitation may play an important role in
governing the spatial patterns of shrub recruitment. For example, if the primary dispersal
mechanism of a shrub species exhibits spatial heterogeneity such that the probability of seed
arrival varies considerably across the landscape, the distribution of recruitment and establishment
may be more a reflection of seed limitation than environmental conditions (Nathan and MullerLandau 2000). Heterogeneity in dispersal patterns may be particularly relevant to recruitment at
the northern edge of species’ ranges, where seed viability tends to be low (e.g., Weis and
Hermanutz 1988; Lantz et al. 2010). In these systems we might expect sites with the greatest
seed input to support the most recruits and that meaningful establishment will occur only at sites
that both accumulate large numbers of seed and have appropriate environmental conditions. This
scenario presents an alternative explanation for heterogeneous shrub expansion in which
expansion patterns may be partially constrained by seed availability and the mechanisms that
control seed accumulation.

Various physical mechanisms may contribute to non-uniform seed accumulation in tundra
environments. For example, the process of overland, water-based dispersal, referred to herein as
overland hydrochory, may result in seed accumulating in sites that are hydrologically connected
to seed sources (Thompson et al. 2014). Study of overland hydrochory is limited in tundra
systems, despite its prevalence in other arid environments (Friedman and Stein 1980; GarcíaFayos et al. 2010; Thompson et al. 2014). The importance of overland hydrochory in the tundra
is also supported by observations of seed moving downslope in meltwater streams generated by
snow drifts (Wallace, Personal observation). Seed deposition downwind of the seed source in
regions with consistent prevailing winds (Kambo and Danby 2018) and redistribution into snow
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drifts during blowing snow events (Larsson and Molau 2001) are also potential seed
accumulation mechanisms. Several of these mechanisms might promote seed accumulation in
low-lying areas, leading to localized increases in recruitment and potentially confounding the
distinction between environmental and seed dispersal-related drivers of recruitment. For these
reasons, non-uniform seed accumulation may be an understudied cause of variability in finescale patterns of tundra shrub expansion.

Fine-scale spatial patterns of seedling recruitment may also relate to variation in microsite
conditions and specifically, seedbed quality. Indeed, bare ground and moss substrates are
important for successful Salix spp. germination (Angers-Blondin et al. 2018) and increased shrub
growth and recruitment have been documented after disturbance events such as fires that expose
mineral soil (Tremblay et al. 2012; Frost et al. 2013; Lantz et al. 2013). However in situ
relationships between ground cover and shrub seedling establishment in non-disturbed
environments have not been examined.

Improving our understanding of the mechanisms underlying fine-scale variability in shrub
recruitment will support spatially-explicit predictions of shrub expansion and future tundra
ecosystem functioning. Here we ask: 1) Are patterns of tall shrub seedling recruitment
topographically driven? 2a) Do hypothesized mechanisms (i.e. overland hydrochory, snow
drifting, and wind dispersal) of non-uniform seed accumulation explain the spatial distribution of
seeds around shrub patches 2b) Do these mechanisms also explain fine-scale patterns of seedling
recruitment and 2c) how do models of these mechanisms perform relative to topographicallyderived environmental gradients? 3) Can the fine-scale relationships between mechanisms of
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seed accumulation and seedling density be extrapolated to a sub-basin scale? 4) Does the
microsite ground cover influence establishment success once a seed has arrived?

3.3. Methods
3.3.1. Study site
This study was performed within a 2 km radius of the Trail Valley Creek Research Station
(TVC). TVC lies within the Trail Valley Creek watershed, located in the northern transition zone
of the taiga-tundra ecotone approximately 50 km north of Inuvik, Northwest Territories
(68°44’30.95”N, 133°29’56.54”W) (Lantz et al. 2010). The mean annual temperature in Inuvik
is -8.2 °C and average annual precipitation is 240.6 mm with 158.6 mm of this falling as snow
(1981-2010; ECCC 2018). The terrain at TVC is underlain by continuous permafrost and
consists primarily of gentle hills and incised river valleys. Soils generally contain an organic
horizon comprised of either humified peat or living mosses (e.g., Sphagnum spp., Hylocomnium
splendens (Hedw.) Schimp., Dicranum spp., Aulacomnium palustre (Hedw.) Schwäger.)
overlying fine-grained mineral soils that developed from ice-rich morainal deposits (Aylsworth
et al. 2000). The vegetation is primarily characterized by communities of tall deciduous shrubs
such as Alnus alnobetula (Ehrhart) K. Koch (green alder), Betula glandulosa Michaux, and
several species of Salix (S. pulchra Cham., S. glauca L., and S. richardsonii Hook.), surrounded
by open tundra dominated by dwarf shrubs (e.g., Rhododendron tomentosum Harmaja,
Vaccinium vitis-idea L., and Vaccinium uliginosum L.), sedges (Eriophorum spp. Carex spp.),
and reindeer lichens (Cladonia spp.).
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In order to address our research questions, we focused on the fine-scale variability of green alder
dispersal and recruitment. The growth of green alder has been shown to be particularly sensitive
to climate across much of the Arctic (Myers-Smith et al. 2015), and the density of the species has
increased rapidly in our study region over the latter part of the 20th century (Lantz et al. 2013).
As a nitrogen-fixing shrub, expansion of green alder has enhanced potential to alter
biogeochemical cycling at the taiga-tundra ecotone (Densmore 2005). In this region alder
generally grows in discrete patches across the landscape. These patches capture snow very
effectively due to the height of alder relative to surrounding vegetation and are therefore
hydrologically important in the region (Marsh et al. 2010; Wilcox et al. 2019). We focus on alder
here in part due to its capacity for modifying its local environment (Chapter 2) as well as it being
the subject of previous studies of shrub expansion heterogeneity (e.g. Tape et al. 2012).

3.3.2. General statistical approach
In this study we used an information-theoretic approach to quantify the relative strength of
competing alternative hypotheses (i.e., a priori candidate models) (sensu Anderson 2008). Each
of our four primary questions was addressed by comparing a different set of ecologically relevant
models. All model sets also included an intercept-only, null model, which included no predictor
variables (Tables 3.1 and 3.2). For each model in a set, we used model.sel() from the ‘MuMIn’
package (version 1.43.45; Bartón 2019) to calculate the corrected Akaike Information Criteria
(AICc), the log likelihood, and the model weight to assess the probability that an individual
model was the most likely in the set given the available data (Anderson 2008). To avoid issues of
multicollinearity we removed variables with a variance inflation factor (VIF) greater than 3 or
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with a correlation coefficient greater than 0.5 (Harrison et al. 2018). All statistical analyses were
performed in the R statistical environment version 3.6.2 (R Core Team 2019).

3.3.3. Topographic patterns of recruitment (Question 1)
To determine whether patterns of alder seedling recruitment were associated with topographic
position, we performed seedling counts along transects at 10 sites for a total of 20 transects
(Figure 3.1). At each site, one transect ran from the top of the hillslope to the bottom through an
alder shrub patch and the other ran parallel in the adjacent alder-free tundra. The patch transect
contained six 9 m2 quadrats at the following slope positions: (1) 13 m above the patch (“Tundra
Above”); (2) the top exterior edge of the patch (“Exterior Top Edge”); (3) the top interior edge
(“Interior Top Edge”); (4) the patch middle (“Middle”); (5) the bottom interior of the patch
("Interior Bottom Edge”); and (6) the bottom exterior of the patch ("Exterior Bottom Edge”). The
positions of plots 2-6 varied depending on alder patch size. The tundra transect had three 9 m2
quadrats at the same slope positions as 3, 4, and 5, labeled “Tundra Top”, “Tundra Middle”,
“Tundra Bottom” respectively. Each of these quadrats was sub-divided into two 1 m2 sub-plots,
within which we counted the number of alder seedlings (Figure 3.1 Inset).

To assess the hypothesis that seedling abundance varied with topographic position, we compared
a model that included topographic position to a null model using data from the alder patch
transects (Anderson 2008; Burnham et al. 2011). This was done using linear mixed effects
models with log transformed seedling count as the response variable and site as a random effect
(lmer(); lme4; version 1.1-21; Bates et al. 2015). Since the tundra habitat had only one plot with
seedlings, the tundra habitat transects were not included in this analysis. Because seedling
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establishment was highly variable across patches, we also tested if preferential recruitment at
slope bottoms was explained by the steepness of the hillslope at each patch. To do this we
subtracted the number of seedlings observed in the Exterior Top Edge quadrats, from the number
of seedlings observed in the Exterior Bottom Edge quadrats of each patch (Figure 3.1 Inset) and
modeled this variable as a function of hillslope steepness using linear regression. Hillslope
steepness was measured as the average slope from the Tundra Above quadrat to the Exterior
Bottom Edge quadrat.

3.3.4. Fine-scale mechanisms controlling seed and seedling distributions
(Question 2)
3.3.4.1. Sampling grid set-up
To investigate mechanisms controlling the fine-scale distributions of seeds and seedlings around
alder patches we designed an experiment that would allow us to compare the predictions from
models representing both seed accumulation mechanisms (Table 3.3) and TWI to real values of
seed and seedling density in a spatially explicit manner. To do this we selected three sites that
contained an alder patch and established a grid of seed traps placed at intervals of approximately
15 m such that the grid entirely encompassed each patch (Figure 3.1). Seed traps made of plastic
garden trays (52 cm x 22.5 cm x ~7 cm) and artificial turf were deployed in August 2016, and
collected in June 2017 to capture peak alder seed fall (Bonner 2008) and seed redistributed via
blowing snow. We also counted seedlings in two 1 m2 quadrats at each seed trap location. Seed
traps were taken back to the lab where alder seed was separated from that of other species and
counted. Because of a number of morphological similarities, seeds from traps were compared to
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known samples of Betula glandulosa and green alder seeds from the site to ensure accurate and
consistent identification of alder seed.

3.3.4.2. Seed accumulation model development
To test whether models of non-uniform seed accumulation could explain the distribution of seeds
and seedlings observed at the three alder patches, we developed mechanistic models consistent
with four modes of seed dispersal: 1) overland hydrochory (hereafter referred to as OVERLAND
when referring to the model), 2) wind dispersal (WIND), 3) snow dispersal (SNOW), and 4) a
model treating seed density as a function of distance from seed source (DISTANCE) (Table 3.3).
These models represent the capacity for seed arrival at each seed trap location (herein referred to
as the “target point”) for a given dispersal mechanism. All models were developed using ArcGIS
(version 10.5, ESRI, Redlands, CA).

The OVERLAND and WIND models operate similarly in that they both involve calculating a
“contributing area” for each target point. In the OVERLAND model, this area constitutes the
region water would be expected to flow through before reaching the target point. To calculate
this, we used a 1 m LiDAR Digital Elevation Model (DEM) created during snow-free conditions
in August 2008 (Vertical accuracy: sd = 0.05 m; Hopkinson et al. 2011). This 1 m DEM was
resampled into a 5 m DEM using bilinear interpolation to mitigate the influence of erroneous
elevation data occasionally found in areas of tall/dense shrub patches. The resampled 5 m DEM
was then used as input to the “Watershed” tool in ArcGIS. This was performed for each target
point (Supplementary Figure S3.1). It is important to note that overland flow is not generally an
important contributor to stream discharge in our study system due to the high infiltration rate of

95

surface organic soils (Quinton and Marsh 1999), though water movement over the soil surface
does occur in quantities capable of transporting alder seed (Wallace, Personal observation) and
may therefore be ecologically relevant. This most likely occurs in the spring when the frost table
is close to the surface and the melting snowpack provides a reliable source of water. The
contributing area for the WIND model constitutes the region northwest (between 112.5 and
157.5°) of the target point, which aligns with the dominant direction for winter wind speeds
greater than 4 m/s at TVC as measured by the local meteorological station (Figure S3.2). This
contributing area was also determined for each target point. To estimate the extent of the alder
cover acting as a seed source inside the contributing area of each target point, alder patches were
digitized using drone imagery of the site (~ 3 cm resolution) and the total number of alder pixels
in the contributing area was summed. These sums act as a proxy for the relative quantity of seed
expected at each point given the dispersal mechanism in question. In other words, these models
assume that the greater area of alder patch represented in a contributing area, the greater potential
for seed transport to the target point. This approach also assumes that all alder cover within a
contributing area supplies the same amount of seed to the given target point.

Snow depth at our study site is highly heterogenous due to the redistribution of snow from windexposed tundra to topographically-derived drift locations and shrub patches during blowing snow
events (Marsh and Pomeroy 1996). The SNOW model is based on the assumption that alder seed
is transported by these blowing snow events and that larger drifts will hold more seed. This
expectation is derived from the observations that green alder disperse their seed on top of the
snow in late fall/early winter and that seeds are light enough to be transported by wind over the
snow surface (Jones and del Moral 2005). The SNOW model used a 2013 LiDAR snow depth
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product, which was based on the difference between the 2008 snow-free DEM mentioned
previously and an April 2013 top-of-the-snow LiDAR DEM, to model the expectation that seed
density would be greater in deeper snow (Table 3.3) (King et al. 2018). To minimize errors
associated with estimating snowpack under dense canopies (Hopkinson et al. 2004) we converted
the snow depth data to a binary variable such that 1 indicates the target point is positioned in a
snow drift and 0 indicates a position outside a drift. This was done by digitizing all locations
with snow depth greater than 1 m and by classifying “holes” in the centre of drifts as part of the
drift under the assumption they were errors related to shrub density. The result was a binary
raster of estimated drift locations in winter 2013; for the SNOW model seed density was
expected to be greater in drift locations than non-drift locations (Table 3.3). Because the LiDAR
imagery was not taken in the year the seed traps were deployed, we assessed the inter-annual
variation in drift position to ensure consistency between years (Supplementary Text S3.3).

The DISTANCE model addresses the hypothesis that seed density will decrease with distance
from the seed source, regardless of the direction. It does this by simply assuming a negative
linear relationship between the distance to an alder patch and the expected amount of seed at a
given target point (Table 3.3).

3.3.4.3. Topographically-derived resource availability
In addition to the seed accumulation mechanisms described above (Table 3.3), we also calculated
Topographic Wetness Index (TWI) as a proxy for topographically-derived resource availability.
TWI was calculated for each target point using the 5 m DEM as input for the Compound
Topographic Index tool of the Geomorphometry and Gradient Metrics Toolbox (version 2.0-0;
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Evans et al. 2014). This variable was then included in the models of seedling recruitment (Table
3.2) to compare the explanatory power of seed accumulation mechanisms and environmental
conditions on fine-scale seedling distributions (Question 2c).

3.3.4.4. Statistical models of seed and seedling distributions
We created two sets of statistical models representing our a priori expectations as to the most
likely combinations of mechanisms controlling seed and seedling distributions at our study site
(Table 3.1 and Table 3.2). Models were included in model sets based off of the following
rationale: 1) All seed accumulation mechanisms hypothesized to control seed and seedling
distributions (Table 3.3) were included as single predictor models (SeedMod2-5 and
SeedlingMod2-5). 2) Each of these mechanisms was included in a model with DISTANCE to
test the possibility that seed transport away from the patch is limited regardless of the primary
dispersal mechanism (SeedMod6-8 and SeedlingMod6-8). 3) SNOW and WIND were included
in a model together representing the hypothesis that wind-based dispersal processes were
generally important regardless of timing or distance from the seed source (SeedMod9 and
SeedlingMod9). 4) SNOW and OVER were included in a model representing the hypothesis that
sites receiving both long-distance input via blowing snow events and local input from overland
flow would have the most seed (SeedMod10 and SeedlingMod10). 5) In the seedling models
Topographic Wetness Index (TWI) was included as a single predictor to represent the hypothesis
that only topographic gradients in resource availability explained seedling abundance
(SeedlingMod11). 6) In the seedling models (Table 3.2), each of the seed accumulation
mechanisms (Table 3.3) was included in a model with TWI to allow for the possibility that both
dispersal and topographic gradients in resource availability were important (SeedlingMod12-15).
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7) Each model set included a model with all hypothesized mechanisms (SeedMod1 and
SeedlingMod1) in which there is no single dominant dispersal mechanism but rather that all are
expected to be moderately important.

These hypotheses were formalized statistically with generalized linear mixed effects models
(GLMMs) which used either seed or seedling counts as the response variable and Patch ID as a
random effect (Supplementary Table S3.4) (glmer(); lme4; version 1.1-21; Bates et al. 2015).
The number of levels in the random effect (Patch ID) was lower than is normally appropriate for
a mixed effect model (n=3) (Harrison et al. 2018). To ensure this was not causing major
inaccuracies we also ran a series of generalized linear models (GLMs) with either seed or
seedling counts as the response variable for each individual patch for a total of six model sets
(referred to herein as “Single Patch Models”) (Supplementary Table S3.5). Due to the count
nature of the response variables we used Poisson family or negative binomial responses in both
the GLMMs and GLMs when it was necessary to account for overdispersion. Assumptions of
GLM(M)s were visually inspected using simulated residuals calculated by the
simulateResiduals() function from the ‘DHARMa’ package (version 0.2.7; Hartig 2020).
Trigamma GLMM Pseudo-R2s were calculated for the top models to determine model fit using
the r.squaredGLMM() function of the ‘MuMIn’ package. Model-averaged coefficient estimates
and 95% confidence intervals were calculated to assess the importance and effect size of each
parameter included in each model set (Tables 3.1 and 3.2). This method is recommended in order
to reduce the need for arbitrary AIC thresholds and to clarify which terms in the model set are
likely to have the greatest ecological importance (Anderson 2008; Lukacs et al. 2010). We used
the shrinkage method of model averaging to reduce overestimation due to model selection bias
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(Lukacs et al. 2010) and calculated the average using every model in the model set (Anderson
2008). Variables were considered important if unconditional confidence intervals of the
coefficient estimates did not cross zero.

3.3.5. Spatially explicit predictions of sub-basin seedling density (Question 3)
We selected the 95-hectare Siksik Creek basin, a sub-basin of Trail Valley Creek (Figure 3.1) to
assess the scalability of the mechanisms controlling seedling abundance addressed in Question 2.
Values of all four accumulation models as well as TWI were calculated for 2,000 randomly
selected points across the basin. Using the full model set of the seedling GLMM models (Table
3.2 and S3.4), we calculated a model averaged prediction of seedling density for each of the
2,000 points using the predict.averaging() function from the MuMIn package. These predicted
point values were used to interpolate a surface of seedling density across the Siksik Creek basin
using ordinary kriging. This was also done for the Single Patch Models (Supplementary Figure
S3.10).

3.3.5.1. Ground validation of seedling density maps
To validate the seedling density maps we randomly selected 51 points stratified by regions of
high, medium, and low density predicted by the Single Patch Models (Supplementary Figure
S3.6). At each point, we recorded the distance to the third nearest alder seedling within a 5 m
search radius. These points were then used to estimate the observed density and 95% confidence
intervals for each stratum using the ordered distance method, a common field-based approach for
measuring population densities (Krebs 1998). These observed densities were then visually
compared to the densities predicted by model extrapolation.
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The performance of model extrapolations across the study basin was also assessed by converting
the ordered distance data into seedling presence/absence. This was then used as a response
variable in a model set of binomial family GLMs containing two models: a model with seedling
density model extrapolations as an explanatory variable and a null model. All assumptions were
visually assessed using ‘DHARMa’ (Hartig 2020). Pseudo R2 values were calculated using the
r.squaredLS() function of the ‘MuMIn’ package.

3.3.6. Ground cover influence on seedling establishment (Question 4)
To assess the importance of microsite conditions on alder seedling establishment we determined
the relative abundance of ground cover types (measured as percent cover) at the sub-plots
described in the methods of Question 1. The ground cover types tested included: 1) Sphagnum
spp. mosses, 2) non-Sphagnum mosses, 3) fruticose lichens (primarily consisting of Cladonia
and Stereocaulon spp), and 4) bare ground. This resulted in a dataset of seedling counts and
relative abundance of associated ground cover within 2 m2 quadrats. We also selected a
subsample of five of these sites for a more intensive survey of seedling density and the specific
ground cover on which they were growing. Within this subsample we recorded the ground cover
of every seedling encountered in a 2 m wide belt transect which ran parallel to the primary
transect (offset by 3 m) and extended 20 m past the bottom patch edge.

To determine which ground cover type best supported alder recruitment we compared GLMM
hurdle models of seedling abundance that used a Poisson response distribution, abundance of
each ground cover type as predictors, and site as a random effect. The binomial model of the
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probability of zeros included ground cover as an explanatory variable. Quadrats with outliers in
the ground cover data were removed prior to modeling to avoid unrealistic model fits caused by
lack of representation at higher cover values. Pseudo-R2s were calculated to determine model fit
using the r2() function of the ‘performance’ package. The intensive survey data was analyzed by
calculating the proportion of seedlings at a site found in each ground cover and determining
whether these proportions differed among ground cover types. This was done by comparing a
general linear model with ground cover type as a predictor to a null model using the informationtheoretic approach. Proportion of seedlings in a ground cover class per site was square root
transformed to meet assumptions of normality and homoskedasticity.

3.4. Results
3.4.1. Topographic patterns of recruitment (Question 1)
The analysis of topographic patterns of green alder recruitment suggests that preferential
recruitment at slope bottoms beneath alder patches increased with the steepness of the hillslope.
The evidence for a generalized trend of seedling abundance changing with topographic position
through shrub patches was mixed as the model that included topographic position and the null
model had similar probabilities of being the best model in the set (Figure 3.2A & Supplementary
Table S3.7; wi= 0.552 and 0.448 respectively). However, there were individual sites with clear
preferential increases in seedlings at slope bottoms and these sites were associated with the
steepest hillslope angles (>10%) (Figure 3.2B, Supplementary Table S3.8; top model wi =0.985,
k=2, where k is the number of models in a set, R2=0.72). Seedlings were found in only one
quadrat out of thirty quadrats in the tundra transects (Figure 3.2A).
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3.4.2. Fine-scale mechanisms controlling seed and seedling distributions
(Question 2)
Model-averaged coefficients and 95% confidence intervals calculated using the full set of seed
models (Table 3.1) suggest the variables DISTANCE and SNOW were important predictors of
seed density at our study site (Figure 3.3A). The seed model with the greatest support
(SeedMod8; Table 3.1) contained only DISTANCE and SNOW (wi=0.826, k=11), with
DISTANCE being included in the top five models (Table S3.4). Based on these estimates, seed
density is expected to decrease with distance from an alder patch and increase in the presence of
a snow drift. No variables were removed due to collinearity with the highest pairwise correlation
being between distance from source and snow drift (r=-0.43).

The model-averaged coefficients and 95% confidence intervals calculated using the full set of
seedling models (Table 3.2) suggest OVERLAND, DISTANCE, and WIND were important
predictors of seedling density (Figure 3.3B). Positive relationships were estimated between
seedling density and all variables except DISTANCE. The seedling model with the greatest
support (SeedlingMod1; Table 3.2) included the variables TWI, OVERLAND, SNOW,
DISTANCE, and WIND (wi=0.999, k=16). The OVERLAND predictor occurred in the top three
models (Table S3.4). The model with only DISTANCE (SeedlingMod5) and the null model
(SeedlingMod16) were ranked 7th and 16th respectively and both had Akaike weights of 0,
indicating the presence of spatial heterogeneity in the seedling recruitment patterns at these
patches. Due to the low number of levels in the random effect “Patch ID”, the best model
(SeedlingMod1) was unable to estimate variance associated with the random effect. Although the
Single Patch Models of seedling density differed regarding which variables were considered
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most important, they largely corroborated the results of the models which included all patches
(hereafter referred to as “All Patch Models”) in that OVERLAND and DISTANCE were
important predictors in two out of three patches (Text S3.9). For these reasons, the remainder of
this paper will focus on the results of the “All Patch Models” (see Text S3.9, Figures S3.6,
S3.10, S3.11, and Tables S3.5 and S3.12 for more information regarding the Single Patch
Models). It is also important to note that the seedling counts were uncorrelated with seed counts
at all sites, such that seed density in the seed traps did not relate to seedling patterns
(Supplementary Figure S3.13).

3.4.3. Spatially explicit predictions of sub-basin seedling density (Question 3)
Spatial patterns of predicted seedling density across the Siksik Creek sub-basin showed
considerable clumping around mature alder patches (Figure 3.4). When compared to observed
seedling data from across Siksik Creek, model predictions greatly over-estimated seedling
density (Figure 3.5A). The relative ranking of predicted densities also did not align with the
observed densities, though low and medium densities were distinct. However, observed
presence/absence was predicted by a model that included the seedling density predicted by the
extrapolation (wi=0.996, k=2)(Supplementary Table S3.14; Pseduo-R2 = 0.30) (Figure 3.5B).

3.4.4. Ground cover influence on seedling establishment (Question 4)
The model of seedling abundance that included Sphagnum cover was more strongly supported
than that of any other ground cover (wi=0.903, k=6, R2m=0.264; R2c=0.992, Table 3.4). This
model estimated a positive relationship between the average Sphagnum cover and the number of
seedlings. The second most likely model estimated a negative relationship between seedling
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abundance and the cover of fruticose lichens, though the model weight was negligible
(wi=0.097).

Seedlings were also found growing directly in Sphagnum most often (mean of 36% of seedlings
per patch), though the proportion per patch was very similar for non-Sphagnum mosses (mean of
33% of seedlings per patch) (Figure S3.15). Only 3 seedlings out 565 were ever found growing
out of lichen ground cover. Comparison of a linear model which included ground cover as a
predictor and a null model found the ground cover model to be most likely (wi=1, k=2).

3.5. Discussion
The aim of this study was to investigate the mechanisms driving fine-scale spatial variability in
alder shrub recruitment at the taiga-tundra ecotone of the Northwest Territories. Our data suggest
that topographic position alone is not a strong predictor of seedling establishment and that spatial
patterns of seed dispersal and accumulation play an important role in determining the
heterogeneity of alder expansion at our study site. In particular, spatial models representing
dispersal of seed via overland flow (OVERLAND), wind dispersal (WIND) and distance from
the nearest alder patch (DISTANCE) best explained seedling densities. The simplest explanation
of this observation is that localized seed limitation is an important component in controlling finescale patterns of green alder recruitment at the taiga-tundra ecotone. This is a novel finding and
has important implications for the future spatial patterns of shrub expansion, most notably that
recruitment responses to more favourable environmental conditions will likely depend on the
quantity of seed arriving at a site. Recruitment also differs as a function of seedbed quality: the
cover of Sphagnum mosses was an important predictor of alder seedling abundance, possibly due
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to increased water retention or decreased interspecific competition in Sphagnum mats. Taken
together, our data suggest that both seed limitation and environmental constrains are important to
consider when predicting the impact of shrub recruitment on ecosystem structure and function at
the taiga-tundra ecotone.

3.5.1. Fine-scale patterns of seedling distribution at the taiga-tundra ecotone
Previous investigations of the fine-scale spatial heterogeneity of shrub expansion have found
most expansion to be occurring at the bottom of slopes and other landscape positions that
accumulate moisture (Tape et al. 2006; Naito and Cairns 2011). In our study, the topographic
pattern showed greater complexity, with preferential recruitment in downslope positions
occurring only at sites with the steepest slopes (Figures 3.2A and 3.2B; Tables S3.7 and S3.8). In
contrast, only one quadrat of thirty in the tundra transects had any recruitment, regardless of
slope position (Figure 3.2A) and we found little support that topographic wetness index (TWI)
contributes to recruitment patterns (Table S3.4 and Figure 3.3). Together, these findings suggest
that a more constrained zone of potential expansion exists at our study site and that not all
downslope locations will experience alder colonization and infilling in the future.

Our analysis of the mechanisms controlling fine-scale patterns of seedling recruitment (Question
2) suggest that downslope regions with the greatest expansion potential are those that are
hydrologically connected to alder patches, particularly those downwind of and near patches
(Table S3.4 and Figure 3.3B). The relationship between mechanistic models of seed
accumulation and measured seedling recruitment suggests that seed limitation is controlling an
important component of recruitment variability at TVC, as places with greater expected seed
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input coincide with greater seedling abundance (Turnbull et al. 2000)(Figure 3.3B). Because it is
unlikely that the mechanisms of seed accumulation considered here align perfectly with all
environmentally suitable microsites, we suspect there are likely locations that could support
seedlings that do not receive seed as well as locations that receive seed but remain seed limited
because of insufficient seed input. This may explain why environmentally similar locations can
display very different recruitment patterns at the same site (e.g., Bottom Patch Exterior and
Tundra Bottom quadrats; Figure 3.2A) as seed are likely not reaching the tundra transects. This
study is correlative and these mechanisms should be tested using seed addition experiments in
future studies (Turnbull et al. 2000). The potential for seed limitation at TVC is ecologically
significant because it suggests that the factors that control seed dispersal patterns (e.g. dominant
wind directions or snow drift locations) influence seedling distribution alongside those that
govern survival (e.g. site quality, temperature, or herbivory) and these factors may exhibit
different sensitivities to climate change. For example, an increase in air temperature may
increase seed viability rates (Lantz et al. 2010) or alter the patterns of accumulation mechanisms
themselves due to changes in wind patterns (Gearheard et al. 2009; Mioduszewski et al. 2018) or
snowpack conditions (Brown et al. 2010), thereby altering the likelihood of seed arrival for any
given location across the landscape. This may lift or impose localized seed limitation and result
in very different spatial patterns of shrub expansion than we would expect from a response due
solely to changing environmental conditions.

Although not an a priori prediction, the role of hillslope steepness in increasing the likelihood of
preferential downslope expansion at a particular patch (Figure 3.2B) is not surprising given the
importance of the OVERLAND model to seedling distribution (Figure 3.3B); steeper slopes
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should increase the rate of water flow downhill and the capacity for seed transport (Thompson et
al. 2014). While we did not sample slopes greater than 11.6% in our study, we expect there is a
point at which slopes become too steep to hold seed effectively and so they are transported
further down the flow path until the topography flattens. If true, this may explain some of the
divergence between our study site and sites with strong expansion-TWI relationships. For
example, sites in the Brooks Range of Alaska (e.g. Tape et al. 2006, 2012; Naito and Cairns
2011) generally have greater topographic relief and are more incised than our study region
(Fraser et al. 2014). If seed dispersal is relevant in that system, it may be that part of the
relationship with TWI is due to the greater capacity for seed to reach the slope positions with the
highest TWI. In addition to the differences in the capacity for seed transport, this divergence in
expansion-TWI relationships may also be related to a weaker relationship between TWI and
resource availability. Previous work at TVC has shown there to be little evidence of a
topographic gradient in nutrient or moisture availability down south-facing hillslopes (Chapter 2)
and the range of TWI values observed is considerably narrower than those reported from the
Brooks Range (e.g. Naito and Cairns 2011). However, weak relationships between TWI and
Normalized Difference Vegetation Index (NDVI) trends have been found in our study region
(Fraser et al. 2014), which aligns with our findings.

3.5.2. Ground cover type as an environmental constraint on recruitment
While TWI did not explain variability in alder recruitment, we did find evidence that
environmental conditions play an important role in governing seedling abundance by way of a
clear association of recruitment with Sphagnum mosses abundance (Table 3.4 & S3.16).
Sphagnum mats are typically nutrient poor and can outcompete vascular plant species for mineral
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nutrient inputs (Heijmans et al. 2002; Malmer et al. 2003). It is possible that alder seedlings can
take advantage of decreased vascular plant cover in these mats due to their capacity for nitrogen
fixation (Densmore 2005). Furthermore, Sphagnum species very effectively retain moisture
during drought (Shetler et al. 2008) which may decrease drought stress for vascular plants.

Because Sphagnum tends to be more common in wetter environments (Murray et al. 1989) it is
possible that the relationship between Sphagnum and alder recruitment reflects the
environmental conditions of Sphagnum habitat rather than qualities of Sphagnum itself. Although
Sphagnum and other bryophytes do generally increase downslope at TVC (Chapter 2), we found
no difference in the proportion of seedlings growing in Sphagnum in upslope vs. downslope
locations, suggesting the association with Sphagnum is unrelated to topographic position. It is
also unlikely that the pattern of increased seedlings in the bottom positions of steep slopes relates
to Sphagnum abundance as the topographic pattern of Sphagnum displays a generalized increase
downslope across the site in both tundra and patch habitats while seedling abundance does not.
Taken together, this suggests that both dispersal and environmental filters are acting to control
the fine-scale distribution of alder recruitment. Explicit consideration of both of these factors
may increase the precision of spatial predictions of shrub expansion.

3.5.3. Patterns of seed density and association with seedling distributions
Seed density as measured by seed traps was greatest close to the shrub patches where snow drifts
accumulate (Table S3.4 and Figure 3.3A) suggesting transport during winter by blowing snow
events in areas proximal to shrub patches. It is important to note that we found no correlation
between the number of seeds in seed traps and the density of alder seedlings (Figure S3.13). The
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lack of correlation could imply that seed limitation is not driving recruitment patterns, however
we propose this is not likely for two reasons. The first is that we would only expect seed and
seedling data to be highly correlated if the site were entirely seed limited, meaning that
recruitment was never limited by environmental constraints. The analysis of ground cover
suggests that this is not the case as lichen was not a viable option for seedling recruitment
(Figure S3.15) and there are likely other important environmental constraints not addressed here.
The second reason is that, given the importance of the OVERLAND model in explaining
seedling abundance (Figure 3.3B), we suspect that our seed traps, which were placed on the
ground surface, both missed seed that was redistributed by the flow of water and prevented
captured seed from being transported by overland flow. It is possible that the OVERLAND
spatial model may covary with an unknown environmental gradient, such as nutrient availability.
However, given the nature of this variable (i.e. the number of shrub patch pixels in the
contributing area of a target point (Table 3.3)), we find this unlikely, particularly considering the
lack of evidence for downslope nutrient transport at this site (Chapter 2). We therefore suspect
the simplest explanation is that our traps missed part of the dispersal process and reflect winter
dispersal rather than the final deposition location. If this is true, it suggests alder seed at this site
follow two-phase dispersal in which they are initially distributed by blowing snow events during
the winter with redistribution by meltwater or other sources of runoff in the spring; tests of this
mechanism at other sites would be valuable.

3.5.4. Sub-basin scale extrapolation of seedling model
The statistical model used to create spatially explicit predictions of seedling density across the
Siksik Creek sub-basin did not successfully capture either absolute density, or the relative
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ranking of density categories (Figure 3.5A). It did however successfully predict seedling
presence / absence (Figure 3.5B; Pseudo-R2 = 0.30). Figure 3.4 therefore provides a reasonable
prediction of zones of potential alder shrub expansion in the sub-basin. Recruitment outside of
these zones is expected to be minimal.

When predictions were extrapolated to the sub-basin scale it became particularly clear that most
of the areas expected to be medium and high density occurred near or within existing patches
(Figure 3.4). This is likely due to the importance that DISTANCE played in the seedling model
set (Figure 3.3B) as well as the generally small catchment areas of the points calculated for the
OVERLAND model. It is possible that this pattern is driven by the model extrapolating further
from patches than was measured in the training patches, but we find this unlikely considering no
seed or seedling was ever found further than 35 m from a patch and our maximum extrapolated
distance from a patch was 170 m (Figure S3.17). The limited dispersal predicted here may
provide another potential explanation for previous studies showing that one of the strongest
predictors of expansion is the presence of existing shrub patches (Lantz et al. 2013; Lemay et al.
2018). However these results do appear to differ from those of a recent point-pattern analysis of
green alder from our study region which found no evidence for dispersal limitation due to
random spatial distribution amongst mature alder as well as between mature alder and seedlings
(Travers‐Smith and Lantz 2020). Overall, our results suggest that future alder expansion may be
dominated more by patterns of increased density within patches than by increases in their areal
extent, though the magnitude of this infilling will likely depend on the degree of intraspecific
competition experienced within patches. Previous work in Alaska has demonstrated that alder
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distributions can be strongly controlled by nitrogen competition (Chapin et al. 1989) though the
importance of this process in our study region requires further investigation.

Based on several lines of evidence presented here, we suggest that spatial patterns of seed
limitation may play an important role in governing fine-scale variability of shrub recruitment in
tundra systems. Future efforts to model this variability should allow for variation in seed
contribution to a target point based off of differences in mature stem density, as this will likely
alter reproductive potential considerably. Our results also suggest that accurate prediction of
seedling density may also be improved by considering ground cover and slope steepness. In
addition to considerations of seed arrival, inclusion of seed viability in efforts to forecast shrub
expansion may also be important. Green alder displays strong positive relationships between
seed viability and mean annual temperature (Lantz et al. 2010). If climate warming increases
both viable seed production and the regional rates of seedling survival, the relationship between
seed accumulation mechanisms and seedling density may decrease in importance over time
because zones of low seed input would be more likely to support seedling establishment.
Alternatively, if survival rates increase without increases in viability rates, we would expect the
importance of seed accumulation to strengthen, as survival would become more likely inside
zones of high input with minimal change in low input zones. These expectations should be
further examined and considered in future efforts to predict shrub expansion heterogeneity in
tundra environments.
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3.8. Tables
Table 3.1: Model set used in AICc model selection to address the mechanisms controlling fine-scale variability in seed density
(Question 2a). The first column represents the model name and all subsequent columns refer to the mechanism of seed accumulation
(Columns 1-4) included as explanatory variables in each model. “X” indicates inclusion in a given model. Each model in this model
set was included in the model averaging of coefficients and predictions.
Model Name

Overland Hydrochory
(OVERLAND)

Wind Dispersal
(WIND)

Snow Dispersal
(SNOW)

SeedMod1
SeedMod2
SeedMod3
SeedMod4
SeedMod5
SeedMod6
SeedMod7
SeedMod8
SeedMod9
SeedMod10
SeedMod11

X
X

X

X

Distance from
Source
(DISTANCE)
X

X
X
X
X
X
X
X

X
X
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X
X
X
X

Table 3.2: Model set used in AICc model selection to address the mechanisms controlling fine-scale variability in seedling density
(Question 2b and c). The first column represents the model name and all subsequent columns refer to the mechanism of seed
accumulation (Columns 1-4) or environmental conditions (Column 5) included as explanatory variables in each model. “X” indicates
inclusion in a given model. Each model in this model set was included in the model averaging of coefficients and predictions.

Model Name
SeedlingMod1
SeedlingMod2
SeedlingMod3
SeedlingMod4
SeedlingMod5
SeedlingMod6
SeedlingMod7
SeedlingMod8
SeedlingMod9
SeedlingMod10
SeedlingMod11
SeedlingMod12
SeedlingMod13
SeedlingMod14
SeedlingMod15
SeedlingMod16

Overland
Hydrochory
(OVERLAND)
X
X

Wind Dispersal
(WIND)

Snow Dispersal
(SNOW)

X

X

Distance from
Source
(DISTANCE)
X

Topographic
Wetness Index
(TWI)
X

X
X
X
X
X
X
X

X
X

X
X
X
X

X
X
X
X

123

X
X
X
X
X

Accumulation
Mechanism
Overland
Hydrochory

Ecological Explanation

•
•
•
•

Wind
Dispersal

•
•
•

Snow
Dispersal

•
•

Distance from
Source

•
•

Mechanistic Model
Representation
The
value
of Overland Hydrochory
Overland hydrochory is the process of seed transport
1
(OVERLAND) for a given point
via overland flow .
represents the number of shrub
Seed transport by overland flow is an important
2
patch pixels within the contributing
mode of dispersal in arid ecosystems .
area of that point defined by the
Seed may be carried downslope in meltwater
flow accumulation of a 5 m DEM.
streams while the frost table is near the ground
surface.
The most seed would be expected at points which
were most hydrologically connected to seed sources.
The value of Wind Dispersal
Wind dispersal is the process of windblown seed
(WIND) for a given point represents
transport.
the number of shrub patch pixels
It may lead to accumulation in regions with strong
within the contributing area of that
prevailing wind directions, such that most seed
3
point defined by all pixels which lie
would be expected downwind of seed sources .
in the region between 112.5 and
In this study we focus on the dominant winter wind
4
157.5 degrees of the point.
direction due to the timing of seed release .
The value of the Snow Dispersal
As snow is redistributed across the landscape, seed
“model” (SNOW) represents the
may be carried with it and deposited in the same
presence/absence of a given point in
locations snow accumulates5.
a snow drift, defined as LiDAR
Snow drifts would be expected to have more seed
derived snow depth greater than 1
than non-drift locations.
m. Seed density is assumed to
increase in drifts.
The value of the Distance from
Seed may be most numerous at locations nearest
Source (DISTANCE) variable
seed sources, regardless of the direction to the
6
represents the distance from the
source .
nearest alder patch. Seed density is
If this mechanism is the most important to seedling
assumed to decrease linearly with
recruitment it would suggest little heterogeneity.
distance.
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Table 3.3: Hypothesized mechanisms of seed dispersal addressed in this study. Columns represent the ecological rationale behind the
mechanism and the implementation of the model representing the mechanism.
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Table 3.4: Model set used to determine the relative importance of different microsite ground cover on alder seedling counts. “D AICc”
is the change in the corrected Akaike Information Criteria (AICc) between the target model and the next most likely model. “wi” is
model weight which gives the probability that the target model is the most likely model of the set.

Model Parameters

Log(L)

D AICc

Pseudo- R2
wi
Marginal

Conditional

Sphagnum cover

-67.553

0.00

0.903

0.264

0.992

Lichen cover

-69.784

4.46

0.097

0.555

0.994

Non-Sphagnum moss
cover
Null

-78.766

22.43

0

0.785

0.968

-84.624

29.67

0

0

0.925

Bare ground cover

-83.893

32.68

0

0.396

0.943
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3.9. Figures

Figure 3.1: Location of topographic position transects and seed trap grids at the Trail Valley
Creek Research Station. Orthoimagery was collected during the summer of 2004 (GNWT Centre
for Geomatics, Mackenzie Valley OrthoPhoto Cached Mosaic Service
https://www.geomatics.gov.nt.ca/en) Inset: Sampling layout for determining topographic
patterns of seedling abundance (Question 1) and ground cover establishment (Question 4).
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Figure 3.2: A) Seedling counts by topographic position. Positions to the left of the vertical line
indicate the transect through alder shrub patches. Positions to the right indicate the transect
through the alder-free tundra. Positions are progressively further down the hillslope moving from
left to right within a transect. “Above Patch” is the position at the top of the slope 13 m above
the edge of the alder patch. “Exterior Top Edge” is in the tundra directly adjacent to the top patch
edge. “Interior Top Edge” is in the patch directly adjacent to the top patch edge. “Middle” is in
the middle of the patch. “Interior Bottom Edge” is in the patch directly adjacent to the bottom
patch edge. “Exterior Bottom Edge” is in the tundra directly adjacent to the bottom patch edge.
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“Tundra Top”, “Tundra Middle”, and “Tundra Bottom” are in the alder-free tundra transect at
approximately the same slope positions as “Interior Top Edge”, “Middle”, and “Interior Bottom
Edge” respectively. The horizontal black bars indicate the position median and the purple
diamond indicates the mean. B) Difference in seedling count between Exterior Bottom Edge and
Exterior Top Edge positions by steepness of hillslope (R2=0.52). Positive values on the y-axis
indicate greater recruitment at the Exterior Bottom Edge of the patch than the Exterior Top Edge,
suggesting preferential downslope recruitment, while negative values represent the opposite.
Colour of points represent the total number of seedlings at each patch to distinguish between
zeros caused by lack of seedlings at the patch and zeros caused by equal recruitment at top and
bottom positions.
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Figure 3.3: Model averaged parameter estimates for GLMM models of A) seed and B) seedling
density. Error bars represent 95% confidence intervals calculated using all models in the model
set. Parameters represented are seed accumulation models of dominant wind direction (Wind),
overland hydrochory (Overland), snow drifting (Snow Depth), distance from alder seed sources
(Source Distance), and the model intercepts. Green points represent important positive model
averaged estimates, purple points represent important negative estimates, and grey points
represent unimportant terms.
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A

B
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Figure 3.4: A) Spatially explicit predictions of seedling density categories (Low =0- 0.23 seedlings/m2, Medium= 0.23-0.46
seedlings/m2, High= 0.46-0.69 seedlings/m2) using model averaged coefficients. Model estimates were generated from 2,000 random
points across the sub-basin and surface interpolation was performed using ordinary kriging of these points. Black polygons represent
alder patches and the red polygon represents the basin boundary. The blue line represents Siksik Creek B) Probability of alder seedling
presence. Values were calculated using the fitted relationship between predicted seedling density and presence/absence observed at 51
validation points.
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Figure 3.5: A) Comparison of predicted and observed densities from 51 validation points across
Siksik Creek sub-basin. Error bars represent 95% confidence intervals. Solid line is the 1:1
relationship between observed and predicted densities. B) Probability of seedling occurrence for
given seedling densities predicted by the spatial model. Model fit by logistic regression (PseudoR2 =0.30). Shaded region represents standard error.

133

3.10. Supplementary Material

A)

B)

C)

D)

Figure S3.1: Examples of seed accumulation models. A) and B) Example overland hydrochory
contributing areas. C) Example dominant wind direction contributing area. Blue pixels indicate
contributing area for a given target point. Black polygons represent alder patches. The final value
assigned to the target point for each model is the number of alder patch pixels inside the
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contributing area. D) Digitized snow drift for Patch A. Points within the blue polygon were
considered to be under a snow drift.
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Figure S3.2: Winter wind rose from TVC main meteorological station (1998-2018). Winter
defined here as November through April.
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Text S3.3: Snow drift consistency
The variables that control the redistribution of snow in tundra environments are generally
considered relatively stable across years (Sturm and Wagner 2010), but it is possible that they
may vary. To ensure that our estimates of snow drift locations from 2013 could be safely used as
a proxy of the snow drift locations of 2017 we performed an analysis to quantify the relative
consistency. To do this we selected 1271 points at random across the Siksik Creek basin. We
then digitized the locations of snow drifts (defined here as depths greater than 1 m) using UAV
derived snow depth products from 2016, 2018, and 2019. We then used a matrix of Pearson
correlations to determine whether locations recorded as snow drifts remained snow drifts from
year to year. The results were generally consistent, with r values ranging from 0.51 – 0.73.

References:
Sturm M, Wagner AM (2010) Using repeated patterns in snow distribution modeling: An Arctic
example. Water Resour Res 46:1–15 . doi: 10.1029/2010WR009434
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Table S3.4: GLMM model sets used for determining which seed accumulation mechanisms best
explain seed and seedling data. Model parameters in bold were estimated to have negative
coefficients during model fit. “TWI” refers to topographic wetness index. “Over” refers to the
Overland Hydrochory model. “Dist” refers to Distance from Source. “Wind” refers to the
Dominant Wind Direction model. “Snow” refers to the binary descriptor of presence in a snow
drift (> 1 m). Null refers to an intercept only model. “D AICc” is the change in the corrected
Akaike Information Criteria (AICc) between the target model and the next most likely model.
“wi” represents the model weight which gives the probability that the target model is the most
likely model of the set. Pseudo-R2 is the trigamma Pseudo R2-GLMM. An (*) indicates the
conditional R2 is equivalent to the marginal R2 because no variance in the random effect was
estimated.
Seed Models
Model Parameters
Snow + Dist
Over + Snow + Dist + Wind
Dist
Over + Dist
Dist + Wind
Snow
Over + Snow
Snow + Wind
Wind
Null
Over

Log(L)
-471.672
-471.070
-480.762
-480.536
-480.657
-499.364
-499.323
-499.347
-517.191
-518.726
-518.454

D AICc
0.00
3.12
16.06
17.73
17.97
53.26
55.30
55.35
88.91
89.89
91.44
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wi
0.826
0.174
0
0
0
0
0
0
0
0
0

Pseudo R2
Marginal
0.275
0.284
0.188
0.191
0.189
0.077
0.078
0.077
0.006
0
0.001

Conditional
0.317
0.322
0.233
0.234
0.235
0.138
0.138
0.138
0.031
0.022
0.025

Seedling Models
Model Parameters
TWI + Over + Snow +Dist +
Wind
Over + Dist
Over + Snow
Dist + Wind
TWI + Dist
Snow + Dist
Dist
Snow + Wind
Over
TWI + Over
Snow
TWI + Snow
Wind
TWI + Wind
TWI
Null

0.999

Pseudo R2
Marginal
0.226

Conditional
0.226*

0.001
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.187
0.116
0.187
0.190
0.166
0.171
0.093
0.028
0.029
0.077
0.077
0.027
0.029
0.006
0

0.202
0.137
0.195
0.209
0.186
0.193
0.104
0.069
0.068
0.105
0.105
0.048
0.052
0.046
0.038

Log(L)

D AICc

wi

-165.485

0.00

-175.285
-181.376
-186.513
-186.521
-189.129
-192.518
-193.564
-196.713
-196.699
-200.796
-200.509
-205.096
-204.371
-214.611
-215.936

13.15
25.33
35.61
35.62
40.84
45.52
49.71
53.91
55.98
62.08
63.60
70.68
71.32
89.71
90.28
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Table S3.5: Model sets used for determining which seed accumulation mechanisms best explain
seed and seedling data for each of the single patch models. Model parameters in bold were
estimated to have negative coefficients during model fit. “TWI” refers to topographic wetness
index. “Over” refers to the Overland Hydrochory model. “Dist” refers to Distance from Source.
“Wind” refers to the Dominant Wind Direction model. “Snow” refers to the binary descriptor of
presence in a snow drift (> 1 m). Null refers to an intercept only model. “D AICc” is the change
in the corrected Akaike Information Criteria (AICc) between the target model and the next most
likely model. QAICc was used for Patch B and C seed models. “wi” represents the model weight
which gives the probability that the target model is the most likely model of the set. Pseudo-R2
used for GLMs in this study was adjusted Nagelkerke.

Seed Models
Patch

A

B

C

Model Parameters

Log(L)

D AICc
(QAICc)

wi

Pseudo R2

Dist.
Over. + Dist.
Dist. + Wind.
Over. + Dist. + Wind.
Wind.
Null
Over
Null
Dist
Wind
Snow
Over
Over + Dist
Snow + Dist
Dist + Wind
Snow + Wind
Snow + Over
Snow + Over + Dist + Wind
Snow + Dist

-124.33
-124.30
-124.32
-124.30
-143.31
-144.71
-144.51
-2446.03
-1339.75
-2358.28
-2391.80
-2445.53
-1061.19
-1338.52
-1339.63
-2343.63
-2389.10
-1035.07
-744.82

0.00
2.22
2.27
4.57
37.96
38.58
40.37
0.00
1.50
2.18
2.20
2.23
3.64
3.82
3.82
4.49
4.52
8.55
0.00

0.570
0.188
0.184
0.058
0
0
0
0.317
0.150
0.107
0.106
0.104
0.052
0.047
0.047
0.034
0.033
0.004
0.681

0.47
0.47
0.47
0.47
0.04
0.00
0.01
0.00
1
0.96
0.86
0.02
1
1
1
0.97
0.87
1
1
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Snow + Dist + Wind
Dist
Dist + Wind
Snow
Snow + Wind
Null
Wind

-722.23
-1015.88
-1014.37
-1142.50
-1139.61
-1720.67
-1715.90

1.63
7.98
10.31
12.82
15.09
32.65
34.74

0.301
0.013
0.004
0.001
0
0
0

1
1
1
1
1
0
0.18

Seedling Models
Patch

A

B

C

Model Parameters

Log(L)

D AICc
(QAICc)

wi

Pseudo R2

TWI + Over + Dist + Wind
Over + Dist
Dist + Wind
Dist
TWI + Dist
Over
TWI + Over
Null
Wind
TWI
TWI + Wind
TWI + Snow + Over +
Wind
Snow + Over
TWI + Over
Over
Snow + Wind
TWI + Wind
Wind
TWI + Snow
Snow
TWI
Null
Snow + Dist
Snow
TWI + Snow
Snow + Wind
TWI + Snow + Dist +
Wind
Dist
Dist + Wind

-58.90
-62.26
-69.80
-72.21
-72.00
-75.51
-74.50
-85.63
-84.91
-85.62
-84.90
-45.00

0.00
2.12
17.19
19.82
21.59
26.42
26.61
44.54
45.21
46.64
47.38
0.00

0.742
0.258
0
0
0
0
0
0
0
0
0
1

0.60
0.55
0.41
0.36
0.37
0.29
0.31
0.00
0.02
0.00
0.02

-58.14
-60.26
-65.14
-66.81
-68.13
-72.78
-74.79
-76.23
-84.60
-91.12
-26.25
-27.55
-27.00
-27.37
-25.21

21.58
25.82
33.34
38.91
41.57
48.61
54.87
55.51
72.27
83.14
0.00
0.31
1.48
2.23
2.79

0
0
0
0
0
0
0
0
0
0
0.340
0.291
0.163
0.112
0.084

0.72
0.70
0.63
0.60
0.58
0.50
0.46
0.43
0.22
0.00
0.40
0.35
0.37
0.35

-31.66
-31.19

8.54
9.88

0.005
0.002

0.17
0.19
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0.84

0.43

TWI + Dist
Null
TWI
Wind
TWI + Wind

-31.66
-34.90
-34.28
-34.47
-33.80

10.82
12.85
13.77
14.16
15.09
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0.002
0.001
0
0
0

0.17
0.00
0.03
0.02
0.06

A

B
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Figure S3.6: Spatially explicit predictions of seedling density based using model averaged coefficients fitted for A) Patch A and B)
Patch B as calculated by the single patch models. Model estimates based off of 2,000 points and surface interpolation performed using
ordinary kriging. Model estimates were generated from 2,000 random points across the sub-basin and surface interpolation was
performed using ordinary kriging of these points. Black polygons represent alder patches.
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Table S3.7: Model sets used to determine the relative importance of topographic position in
explaining seedling recruitment patterns. “D AICc” is the change in the corrected Akaike
Information Criteria (AICc) between the target model and the next most likely model. “wi” is
model weight which gives the probability that the target model is the most likely model of the
set. The tundra transect was not modelled because seedlings were observed in only one of these
quadrats.

Transect

Model Parameters

Log(L)

D AICc

wi

Position

-68.110

0.00

0.552

Null

-74.514

0.41

0.448

Patch

Tundra

Not modelled
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Table S3.8: Model set used to determine the relative importance of slope steepness in explaining
variation in differences in seedling counts between top and bottom of alder shrub patches
compared to null model. This analysis corresponds to Figure 3.2. “D AICc” is the change in the
corrected Akaike Information Criteria (AICc) between the target model and the next most likely
model. “wi” is model weight which gives the probability that the target model is the most likely
model of the set.

Model Parameters

Log(L)

D AICc wi

Slope

-30.271

0.00

0.985 0.72

Null

-36.610

8.39

0.015 0
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R2

Text S3.9: Results of the Single Patch Models

The most likely models of seed abundance varied between patches (Table S3.5). The model with
the greatest support in Patch A contained only DISTANCE (wi=0.570, k=7). DISTANCE
remained the most important variable after model averaging. Because DISTANCE was colinear
with SNOW for Patch A, both of these variables should be considered important to seed
distribution in this patch. At Patch B the null model had the greatest support and the confidence
intervals of all model averaged coefficients overlapped with 0 (wi=0.317, k=11). In Patch C the
most likely model contained DISTANCE and SNOW (wi=0.681, k=8), both of which remained
the most important variables after model averaging.

Seedling abundance displayed a greater degree of inter-patch variability in model ranking than
seed abundance (Table S3.5). In Patch A the model with the most support was the full model
(wi=0.742, k=11), though SNOW was removed due to collinearity with DISTANCE.
Surprisingly, the estimated coefficients for TWI and WIND were negative in the full model.
After model averaging and considering collinearity only OVERLAND, DISTANCE and SNOW
were important. In Patch B the full model was also best supported by the data (wi=1, k=11),
though DISTANCE was not included as it was colinear with all variables but SNOW. All
coefficient values aside from DISTANCE were positive in the full model. After model averaging
and considering collinearity only WIND, OVERLAND, and DISTANCE were important
predictors. In Patch C the model with SNOW and DISTANCE was best supported (wi=0.340,
k=12) though all model averaged coefficient confidence intervals overlapped 0.
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As mentioned in text, the results of the seedling Single Patch Models largely agree with the
results of the All Patch Models. Firstly, OVERLAND and DISTANCE were important in two
out of three patches in the Single Patch Models as they were in the All Patch Models. The results
of the All Patch Models were particularly similar to the Single Patch Model with the greatest
explanatory power (Patch B; Top model R2=0.84) and the model averaged predictions of the All
Patch Models and Patch B model sets produced similar extrapolated predictions in the Siksik
basin (See Figure 3.4 and Figure S3.6). The map based off of the Patch B model also performed
the best of the single patch models after validation (Figure S3.10 and S3.11).
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Figure S3.10: Comparison of predictions from the single patch models and observed densities
from 51 validation points across Siksik creek sub-basin. Error bars represent 95% confidence
intervals. Solid line is the 1:1 relationship between observed and predicted densities. Colors
represent the patch for which the statistical model used for prediction was fit.
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Figure S3.11: Probability of seedling occurrence for given seedling densities predicted by the
Patch B single patch model. Model fit by logistic regression (Pseudo-R2 = 0.39). Shaded region
represents standard error.
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Table S3.12: Model set used to determine which predictions of seedling density based off of the
single patch models were best supported by the validation data collected across the Siksik creek
sub-basin. These models were all fit using logistic regression. “D AICc” is the change in the
corrected Akaike Information Criteria (AICc) between the target model and the next most likely
model. “wi” represents the model weight which gives the probability that the target model is the
most likely model of the set.

Model Parameters

Log(L)

D AICc wi

Patch B

-26.251

0.00

0.997 0.385

Patch A

-32.217

11.93

0.003 0.133

Null

-34.869

15.07

0.001 0
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Pseudo R2

B)

A)

C)
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Figure S3.13: Seed by seedling relationships for A) Patch A (r=-0.09), B) Patch B (r=-0.05) and C) Patch C (r=0.16). The number of
seeds was measured from seed traps of approximately 0.117 m2. The number of seedlings was measured in a 2 m2 quadrat directly
adjacent to the seed trap locations.

153

Table S3.14: Model set used to determine whether predictions of seedling density were
supported by the validation data collected across the Siksik Creek sub-basin. These models were
all fit using logistic regression. “D AICc” is the change in the corrected Akaike Information
Criteria (AICc) between the target model and the next most likely model. “wi” is model weight
which gives the probability that the target model is the most likely model of the set.

Model Parameters

Log(L)

D AICc wi

Predicted Density

-28.350

0.00

0.996 0.30

Null

-34.869

10.87

0.004 0
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Pseudo R2

Figure S3.15: Proportion of total seedlings per patch found growing in each ground cover type
as measured by intensive seedling transects (n=5). Horizontal line represents the median and the
purple square represents the mean.
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Figure S3.16: Number of seedlings within 2 m2 for a given cover of Sphagnum spp. (R2m=0.26;
R2c=0.992). Fitted line generated by hurdle model such that the estimate of the truncated Poisson
model is weighted by the probability of sampling a non-zero value at any given value of
Sphagnum cover. Shaded regions represent standard error.
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A
)

B)

Figure S3.17: A) Seed and B) seedling counts as a function of distance from the seed source
(DISTANCE). Measured at the three patches used for modelling mechanisms of fine-scale
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variability of recruitment (Question 2). Model fit calculated using a Poisson GLMM. Shading
represents 95% confidence interval.
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Chapter 4: Scale-dependent responses of understory vegetation to
variation in the physical structure of undisturbed tundra shrub patches
Cory A Wallace and Jennifer L Baltzer

Author roles: CW and JB developed the study design and hypotheses of this project. CW
collected the data, performed the analysis and wrote the manuscript. JB provided feedback on
analysis and contributed throughout the writing process.

4.1. Abstract
Much of the Arctic is experiencing rapid change in the productivity and recruitment of tall,
deciduous shrubs. It is well established that shrub expansion can alter tundra ecosystem
composition and function, however, less is known about the degree to which variability in the
physical structure of shrub patches might mediate these changes. There is also limited
information as to how different physical attributes of shrub patches may covary and how they
differ with topography. Here, we address these knowledge gaps by measuring the physical
structure, abiotic conditions, and understory plant community composition at sampling plots
within green alder patches at a taiga-tundra ecotone site in the Northwest Territories. We found a
surprising lack of association between most structural variables and abiotic conditions at the
plot-scale (9 m2), with the notable exception of canopy complexity and snow depth, which we
suspect is driven by increased surface roughness. Importantly, neither patch structure or abiotic
conditions had an impact on the vegetation community or any richness indices at the plot-scale
when among-patch variation was removed. However, among-patch variation in community
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composition was significant and largely corresponded to a gradient in the richness of tundra
specialists and Sphagnum moss abundance. This gradient was strongly associated with mean
patch snow depth, which was likely controlled at least in part by mean patch canopy complexity.
Taken together, our results suggest that natural variability in green alder patch structure in
undisturbed sites has less of an impact on plot-scale abiotic conditions than expected but also
indicate important scale-dependent responses between patch structure and the understory
community. The results presented here will inform future work addressing spatial variability in
shrub impacts on ecosystem function and increase our understanding of understory community
variation within alder patch habitats at the taiga-tundra ecotone.

4.2. Introduction
The aboveground productivity of tall deciduous shrubs has increased across much of the Arctic
in recent decades in response to rapid climate warming (Myers-Smith et al. 2015; Berner et al.
2020). This trend, known as shrub expansion, can be driven by several processes including
increased recruitment within pre-existing populations (Tremblay et al. 2012; Lantz et al. 2013;
Davis et al. 2020), altitudinal range expansion (Myers-Smith and Hik 2018), and increased
growth rates of individual shrubs (Myers-Smith et al. 2011b; Davis et al. 2020). Shifts in the
structure and composition of tundra vegetation toward tall shrubs are expected to result in
important environmental changes in tundra systems through localized alteration of abiotic
conditions (as reviewed by Myers-Smith et al. 2011a). Shrub patches have been shown to capture
snow more effectively than ‘open’ tundra (Sturm et al. 2001; Thesis Chapter 2), alter active layer
thickness (Blok et al. 2010; Wilcox et al. 2019), and modify biogeochemical processes by
increasing litter inputs (Demarco et al. 2014; Vankoughnett and Grogan 2016). The
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consequences of these impacts, particularly increased nutrient availability due to warmer winter
soils and greater microbial activity, are hypothesized to increase shrub recruitment and growth
leading to potential snow-shrub feedbacks (Sturm et al. 2001), though the strength of these
feedbacks vary considerably (Myers-Smith et al. 2011a; Myers-Smith and Hik 2013). The
potential for patch structural characteristics (e.g. height, volume, density, and canopy
complexity) to affect the magnitude of shrub influence on abiotic conditions has been
recognized, particularly with regard to snow-nutrient dynamics (Sturm et al. 2001; Essery and
Pomeroy 2004; Myers-Smith and Hik 2013), however there has been little direct investigation of
these relationships (though see Sturm et al. 2001) or the degree to which multiple structural
characteristics covary with one another. In addition to its influence on snow capture, variation in
the physical structure of shrub patches, particularly canopy cover, shrub volume, and density,
may control the quantity of litter deposited at a given location. Increased litter quantity has been
shown to result in larger soil nitrogen pools and greater nitrogen availability in tundra systems
(DeMarco et al. 2011; Vankoughnett and Grogan 2014, 2016) and so patches with larger, denser
shrubs may be expected to have greater nitrogen availability. These patches may also have
thinner active layers due to greater summer shading (Blok et al. 2010) and shorter snow free
periods (Wilcox et al. 2019). Because the physical structure of patches varies both spatially and
temporally, it is important to determine how shrub patches of different statures and densities will
differ in their impact on the local environment (Myers-Smith et al. 2011a). Understanding
variation in these relationships will help us predict how different types of shrub expansion, such
as infilling or increased growth rates will influence tundra ecosystem function.
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Increasing shrub cover often decreases understory community diversity in tundra environments
(Wahren et al. 2005; Anthelme et al. 2007; Pajunen et al. 2011; Thesis Chapter 2) and reduces
the abundance and biomass of several taxa, particularly species of terricolous lichens (Walker et
al. 2006; Fraser et al. 2014; Moffat et al. 2016). However, the overall community response to
shrub cover can show substantial local variation (e.g. Chapter 2), suggesting important
environmental variation within patch habitats. One possible driver of this variation may be patch
structural characteristics, as many of the abiotic variables that constrain plant distributions in
tundra systems such as snow depth (Niittynen et al. 2020), nutrient availability (Chapin et al.
1995; Shaver and Chapin 1995), soil moisture (Walker 2000), and resource competition (Chapin
et al. 1995; McKane et al. 2002) are also likely related to the size and density of shrubs.
Understory plants specialized for the tundra biome may be particularly sensitive to variation in
shrub structure and associated changes in abiotic conditions such as snow depth and light
availability given their general phenological sensitivity to snow melt timing (Cooper et al. 2011;
Assmann et al. 2019) and adaptation for high light availability (Billings 1987).

While there is clear evidence of shrub patches influencing local abiotic conditions, the structural
characteristics of patches themselves may also be influenced by unrelated variation in the same
abiotic processes, controlled independently by factors such as topography. For example, snow
can provide an important layer of protection from frost and wind abrasion for tundra vegetation
(Sturm et al. 2001; Wipf et al. 2009) and its depth is strongly determined by topography in these
systems (Sturm and Wagner 2010). Downslope increases in the availability of water and
nutrients have also been shown to exert control over the productivity and composition of tundra
vegetation (Ostendorf and Reynolds 1993; Walker 2000) and the response of shrubs to climate
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warming (Naito and Cairns 2011; Campbell et al. 2020). For these reasons, topographic position
may represent an important predictor of within-patch variation in physical structure, with
downslope positions supporting larger, more productive shrubs. Variation in physical structure
may also be driven by intraspecific competition with neighbouring shrubs. This may occur either
due to altered patterns of resource allocation, such as individuals increasing height to avoid light
competition (King 1990), or changes in biomass or spatial arrangement due to reduced resource
availability (Chapin et al. 1989).

In this study we address three primary research objectives, each with specific hypotheses: 1)
Evaluate associations between patch physical structure and abiotic conditions of alder shrub
patches. We hypothesize that snow depth will be positively associated with shrub height and
canopy complexity due to increased potential for snow capture. We also expect the volume,
individual density, and canopy cover of a site to be positively associated with nitrogen
availability and negatively associated with frost table depth. 2) Determine the effect of structure
and abiotic conditions on variation of the understory vegetation community. We hypothesize that
density and canopy cover will be the primary drivers of variation in community composition due
to competition for light. This will be driven in particular by a decrease in tundra specialist
richness and total vascular richness. Shrub height and snow cover will also drive community
variation due to differential responses of the community to deepened snow cover and growing
season length. 3) Characterize variation in physical structure across topographic positions. We
hypothesize that shrub density, height, and volume will increase downslope due to an increase in
shrub productivity along potential resource gradients or greater protection provided by increased
snow depth.
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4.3. Methods
4.3.1. Study site
This study was conducted within a 2 km radius of the Trail Valley Creek Research Station,
located approximately 50 km north of Inuvik, NT (68°44’30.95”N, 133°29’56.54”W), within the
Trail Valley Creek watershed. The site lies at the northern edge of the taiga-tundra ecotone
(Lantz et al. 2010) and is characterized by rolling hills and deeply incised valleys underlain by
continuous permafrost. The vegetation community is primarily composed of a mosaic of tall
shrub patches (Alnus alnobetula (Ehrhart) K. Koch, Betula glandulosa Michaux, and various
Salix species) surrounded by communities dominated by dwarf shrubs (e.g. Rhododendron
tomentosum Harmaja, R. lapponicum (L.) Wahlenb., Vaccinium vitis-idaea L.), reindeer lichens
(e.g. Cladonia spp.), and sedges (e.g. Eriophorum vaginatum L. and Carex spp.) (Chapter 2).

The current study focuses on A. alnobetula (green alder) patches due the strong potential of this
species to modify abiotic conditions. This potential comes in part from the symbiosis green alder
forms with nitrogen-fixing bacteria, often resulting in high quality leaf litter and increased
nitrogen availability in nearby soils (Salmon et al. 2019). Green alder patches also generally
maintain deeper snow drifts than B. glandulosa (birch) patches at our site (Wilcox et al. 2019),
likely enhancing winter soil warming. Due to the mapping requirements of the data collection, it
was also relevant that alder individuals were considerably easier to discern than birch individuals
at the site as they tend to originate more clearly from a single point (Lantz et al. 2013).
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4.3.2. Data collection
4.3.2.1. Abiotic variables and understory community
In order to characterize the abiotic conditions of shrub patches we established a 9 m2 sampling
plot at the top, middle, and bottom of ten green alder patches (n= 30) to form a topographic
transect. All patches were situated on south to south-east facing slopes. Hillslope steepness
ranged from 3.3 to 11.6%. We measured end-of-season frost table depth, organic matter
thickness, maximum snow depth, slope steepness, plant nutrient availability, and decomposition
rate within 50 cm of each plot. End-of-season frost table was measured as depth of refusal of a
metal rod from 19-23 of August 2016. Organic matter thickness was measured from the bottom
of the living moss layer (if present) to the top of the mineral soil boundary. Maximum snow
depth was measured using a GPS Snow Depth Probe (Snow-Hydro, Fairbanks, AK, USA) from
26-30 April 2017. Slope steepness for each plot was calculated using a 1 m LiDAR Digital
Elevation Model (DEM) captured in August 2008 (Hopkinson et al. 2011). Plant Root
SimulatorTM (PRS) probes (Western Ag Innovations, Saskatoon, SK, Canada) were used to
measure nutrient supply rate (µg/10 cm2/length of burial) of ammonium, phosphate, calcium, and
potassium. Two pairs of anion and cation probes were installed vertically at a depth of
approximately 10 cm and left for 57-62 days over the 2016 growing season. Decomposition rates
were measured using three pairs of green and roiboos tea bags (Lipton, Unilever, Dublin, Ireland,
UK) buried at approximately 8 cm at each plot and deployed for 57- 62 days over the 2016
growing season. The mass loss of each of these bags was used to calculate the Tea Bag Index, a
metric that includes decomposition rate and stabilization parameters. The decomposition
parameter derived from this index provides a standardized rate which reflects among-site
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variation in environmental conditions rather than litter quality (for detailed methods see
Keuskamp et al. 2013).

Understory vegetation was assessed by dividing each 9 m2 plot into nine 1 m2 sub-plots and
randomly selecting two sub-plots per plot. Relative abundance of each taxonomic group was
measured as percent cover of each sub-plot. Taxa were identified to the species level whenever
possible, however lichens and mosses were generally identified to functional group (sensu
Johnson et al. 2009) or genus (Table S4.1). Alder seedlings were also counted in each sub-plot.

4.3.2.2. Structural variables
To characterize the variation in physical structure and spatial arrangement of alder patches, we
established 9 m wide belt transects around each transect of sampling plots. The length of the belt
transects stretched from 13 m above the top edge of the patch to a minimum of 12 m below the
bottom edge of the patch. Within this belt transect we mapped the location of all mature alder
individuals, defining mature as having either male or female reproductive structures present. In
addition to their location, we recorded the height and areal extent (north-south and east-west
width) of each individual.

For Objectives 1 and 2, we summarized alder structure from our mapping for a 7 m ´ 7 m (49
m2) polygon centered around the abiotic sampling plot using the ‘sf’ package (version 0.8-1;
Pebesma 2018) in the R statistical environment (version 3.6.2; R Core Team 2019). This
included average shrub height and volume (height ´ areal extent), density of mature individuals,
canopy cover, and standard deviation of canopy height. Canopy cover was measured by
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summing the total areal extent of shrub canopy within the sampling area and assuming no gaps
within the area of an individual canopy. The standard deviation of canopy height is used here as
a proxy for structural complexity and surface roughness.

For Objective 3, alder structure was summarized within 3 m ´ 9 m (27 m2) sampling polygons
arranged sequentially every 6 m along a transect stretching from the top to the bottom edge of
each patch, also using the ‘sf’ package (Pebesma 2018). The sampling polygons used here were
smaller than those of Objective 1 and 2 in order to ensure a minimum of five polygons in each
patch. This level of replication was necessary for capturing a topographic gradient and was not
possible with 7 m ´ 7 m polygons. Within each polygon we summarized average shrub height
and volume, density, and canopy complexity as described above. The distance from the top of
the transect to a given sampling polygon was used to represent relative topographic position.
However, transect lengths varied among patches and so the position along the transect required
standardization prior to analysis. This was done by converting the distance from each sampling
polygon to the top of the transect into the percentage along the transect, such that 0% represented
the upslope edge of the patch and 100% represented the bottom edge.

4.3.3. Statistical analysis
All statistical analyses in this study were performed using the R statistical environment (version
3.6.2; R Core Team 2019). All plots were created using the ‘ggplot2’ package (version 3.2.1;
Wickham 2009) aside from those for Objective 3 which used ‘mgcv’ (version 1.8-31; Woods
2017).
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4.3.3.1. Objective 1: Relationships between physical structure of alder patches
and abiotic conditions
To assess the relationships between abiotic conditions and structural characteristics of alder
shrub patches we performed a Principal Components Analysis (PCA) on scaled variables using
the ‘vegan’ package (version 2.5-6; Oksanen et al. 2017). Variables were considered important if
their contribution to a particular component was greater than expected under a uniform
distribution. Meaningful axes were determined using the breakpoint of a scree plot of
eigenvalues.

4.3.3.2. Objective 2: Understory vegetation community response to structure
and abiotic conditions
To determine the effect of structure and abiotic conditions on among-plot variation of the
understory vegetation community we performed a Partial Redundancy Analysis (pRDA) using
the abiotic and structural variables measured at each plot as the constraining variables and
Hellinger transformed community data as the response (Borcard et al. 2011; p158). Patch ID was
used as the conditioned variable to account for a lack of independence within patches. As a
follow-up analysis we performed a simple RDA on the same response data with Patch ID as a
constraining variable in order to analyze the variation in plant community associated with
among-patch variation. We also extracted centroid scores of each patch along RDA 1 and 2 as a
representation of the variation in community composition explained by Patch ID. In order to
explain the variation in these RDA axes, we selected the variables determined to be important in
the analysis described in Objective 1, resulting in four environmental variables after removing a
subset due to collinearity (Product-moment correlation (PMC); r>0.5). These were specifically
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calcium availability, height, snow depth, and frost table depth. We then calculated the patchlevel mean of each of these variables and used them as explanatory variables in separate models
of RDA 1 and RDA 2 centroid scores, using the lm() function. Because the simple RDA and the
linear models of the resulting centroid scores specifically consider mean patch values and
among-patch variation, we refer to these as patch-scale analyses, representing variation among
geographic areas of approximately 300 to 1400 m2 depending on the patch. The remaining
analyses in this manuscript consider variation among individual plots and so are referred to as
plot-scale analyses, representing geographic areas of 9 m2.

In addition to multivariate community composition, we also tested whether alder structural
variables influenced understory vegetation in terms of species richness, evenness, and alder
recruitment parameters. Richness was summarized as both total vascular species richness and
richness of tundra specialists, defined here as species whose distributions are primarily
constrained above treeline (as described in Porslid and Cody 1980). Evenness was calculated
using Pielou’s evenness index (Pielou 1966). Alder recruitment was measured as the number of
non-reproductive alder individuals in each 9 m2 plot. Three structural variables (average height,
density, and canopy complexity) were chosen as explanatory variables in these models as volume
and canopy cover were removed due to collinearity with height. Patch ID was modeled as a
random effect to account for lack of independence within patches. Tundra specialist richness,
and alder recruitment were analyzed with Poisson response Generalized Linear Mixed Models
(GLMMs) fit using the glmer() function of ‘lme4’(version 1.1-21; Bates et al. 2015). P-values
for GLMMs were calculated using Wald Chi-square scores using the Anova() function of the
‘car’ package (version 3.0-6 ;Fox and Weisberg 2011). Evenness was analyzed with a linear
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mixed effects model (LME) using the lmer() function. Total richness was also modeled using an
LME despite the count nature of this variable, because attempts at modelling with Poisson
GLMMs resulted in model singularity issues. P-values for LMEs were calculated using
Satterthwaite approximation of degrees of freedom and Type III analysis of variance using the
anova() function of ‘lme4’ (Bates et al. 2015). Normality and homoskedasticity of residuals were
assessed visually for all models. For GLMMs this was done using simulated residuals calculated
by the simulateResiduals() function of the ‘DHARMa’ package (version 0.2.7; Hartig 2020).

4.3.3.3. Objective 3: Topographic variation in patch structure
To assess topographic variation in patch structure, we modelled average height, average volume,
canopy complexity, and density in each sampling polygon as a function of the topographic
position (percentage distance along transect) in four separate Hierarchical Generalized Additive
Models (GAMs) using the ‘mgcv’ package (Woods 2017). All GAM models used the GI model
framework which fits a single global smoother in addition to group-level smoothers with
differing wiggliness for each patch (Pedersen et al. 2019). K-index was used to ensure the proper
number of basis functions were included in each smoother and model diagnostics were assessed
visually with gam.check() and appraise.gam() functions respectively.
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4.4. Results
4.4.1. Objective 1: Relationships between physical structure of alder patches
and abiotic conditions
Axis 1 of the Principal Components Analysis (PCA) explained 26% of the among-plot variation
in the 14 abiotic and patch structural variables (Figure 4.1). The important components of this
axis were calcium, potassium, ammonium, frost table depth, standard deviation of shrub height
(canopy complexity), snow depth, and decomposition rate. Axis 2 explained 22.2% of the
variation and was most strongly associated with average shrub volume, shrub height, and canopy
cover. These axes both occurred before the breakpoint of the scree plot (Figure S4.1). There were
few strong associations between patch structural components and abiotic variables with the
exception of canopy complexity and snow depth. Average shrub volume, shrub density, and
canopy cover were not associated with any of the variables reflecting nutrient dynamics or frost
table depth along either dominant axis (Figure 4.1).

4.4.2. Objective 2: Understory vegetation community response to structure
and abiotic conditions
Plant community composition was not associated with plot-scale variation in environmental
variables (pRDA; F(11)=1.05, P=0.393; Figure S4.2). As noted in the methods, because the
conditioning variable (Patch ID) explained a substantial proportion of the total variation (49.3%
of total inertia; R2adj=0.24 calculated from varpar() function of ‘vegan’), we ran a simple RDA
with Patch ID as the constraining variable (Figure 4.2). This model was significant (F(9)= 1.945,
P=0.001) as were the first two constrained axes (RDA 1: F(1)=7.36, P=0.001; RDA 2: F(1)=3.90,
P=0.001). RDA 1 of this model explained 20.7% of the total constrained variation in community
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composition. This axis represents a shift from patches with communities dominated by
Sphagnum moss, Betula glandulosa and Rhododendron tomentosum shrubs (e.g. Patches 3 and
4) to those with non-Sphagnum moss and club lichens dominating the ground cover and
Vaccinium uliginosum and Salix glauca shrubs dominating vascular cover (Patches 8 and 9).
RDA 1 was highly correlated with the patch-scale richness of tundra specialists (Productmoment correlation (PMC); r=0.93). RDA 2 explained 11% of the constrained variation. Positive
values of this axis were associated with greater abundance of Petasites frigidus, Arctostaphylos
alpina, and Arctagrostis latifolia, while negative values were indicative of plots with greater
abundance of coarse woody debris, Saussurea angustifolia, and feather mosses. The amongpatch variation in community composition associated with RDA 1 was well explained by mean
snow depth of the patch (t= -3.79, P=0.013) (Figure 4.3), but not calcium availability (t= -0.119,
P=0.910), frost table depth (t=2.04, P=0.097), or shrub height (t=1.85, P=0.124). The overall
model fit was R2adj=0.82 (F(4,5)=11.13, P=0.01). The model explaining variation in centroid
scores of RDA 2 was not significant (F(4,5)=1.355, P=0.37).

Patch structural variables did not explain among-plot variation in species evenness, total vascular
richness, or richness of tundra specialists (Table S4.2). Alder seedling abundance increased with
shrub patch density (c2(1)= 20.0, P<0.001, R2C=0.47, R2M=0.81; Figure 4.4). Height was also
significant in the seedling abundance model (c2(1)=5.81, P=0.02), although this relationship
depended entirely on a single outlier in the “middle” plot of Patch 4 and is therefore not likely
reliable.
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4.4.3. Objective 3: Topographic variation in patch structure
Mean shrub height exhibited a non-linear relationship with topography, with the global smoother
characterized by minimal deviation from the mean until approximately 70%, after which height
increased downslope along the transect (F=6.73, P<0.001) (Figure 4.5A). This trend differed
considerably among patches however, with significant differences in intercept values (F=15.5,
P<0.001) as well as significant divergence of patch level smoothers from the global smoother in
four patches (Figure S4.3). The number of mature individuals also did not deviate from the mean
until approximately 70% of the transect, after which the number of alders began to decline
downslope along the transect (c2=7.89, P=0.048; Figure 4.5B). Height complexity did not
change with topographic position (F=3.35, P=0.07), though there were two patches that differed
from the global smoother (Patch 4: F=2.41, P=0.02 and Patch 5: F=4.74, P<0.001).

4.5. Discussion
In the present study we investigated the relationships between the physical structure and abiotic
conditions of alder patches, the impact of these relationships on the understory community, and
the variation in patch structure as it relates to topographic position. We found little evidence that
the physical structure of patches related to abiotic conditions, aside from a relationship between
canopy complexity and snow depth, likely driven by the effect of surface roughness on snow
transport. These variables also had no influence on community composition or species richness
at the plot scale. However, there was strong evidence that mean snow depth, in part controlled by
mean canopy complexity, exerted an overriding influence on the variation in community
composition among individual patches. Variation in community composition among patches was
strongly related to the richness of tundra specialists, likely due to fewer of these species being
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able to tolerate shortened growing seasons associated with deepened snow. These data suggest
physical structure of shrub patches can have an important influence on tundra ecosystem
function, but that the importance of that response differs between plot and patch-scales.

4.5.1. Physical structure and abiotic conditions within shrub patches
We hypothesized that mean shrub height would covary strongly with snow depth as taller
vegetation is often associated with greater snow depth in tundra environments (Sturm et al. 2001;
Liston et al. 2002; Essery and Pomeroy 2004). Surprisingly we found limited evidence for this
hypothesis among our sampling plots, with these two variables loading onto orthogonal axes
(Figure 4.1). The only shrub structural variable that loaded importantly onto the axis correlated
with snow depth was canopy height complexity (i.e. standard deviation of height). Greater
canopy complexity would be expected to increase surface roughness, decreasing local wind
velocities and leading to greater snow deposition and lower rates of sublimation (Pomeroy and
Gray 1995). Previously observed relationships between height and snow depth at the landscape
scale are likely associated with patterns of surface roughness caused by height differences among
land cover classes (e.g. tussock tundra vs shrub tundra) (Pomeroy et al. 1993, 1997; Sturm et al.
2001; Essery and Pomeroy 2004). However, our results indicate that the standard deviation of
canopy height may be a better predictor for characterizing variability in snow depth at finer,
within patch scales. This may particularly relevant in sites with narrow ranges of canopy height,
such as the patches studied here for which average height ranged from 92 cm to 235 cm.

Previous work from this study site reported a clear gradient of increasing ammonium availability
from tundra to alder patch habitats, though there remained a substantial amount of unexplained
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variation within alder patches (Chapter 2). The mechanism driving increased ammonium
availability was hypothesized to be related to either greater microbial activity due to insulation
provided by the deeper snowpack (Schimel et al. 2004) or greater nutrient input from leaf litter
(Rhoades et al. 2001; Vankoughnett and Grogan 2016), both of which we expect to increase
from tundra to patch habitats. In the present study, among-plot variation in ammonium
availability was correlated with the same principal component as snow depth, but not with any of
the patch structural variables corresponding to size or potential for litter input (Figure 4.1). This
suggests that the insulative properties of snow and increased winter ground surface temperatures,
rather than the quantity of litter inputs, are likely driving variability in nitrogen availability
within alder patches. These results align with studies demonstrating the importance of snow
depth on nitrogen availability in tundra systems (Schimel et al. 2004; Semenchuk et al. 2015).

4.5.2. Scale-dependent responses of the understory community to abiotic and
patch structural variation
We hypothesized that understory community composition would respond to variation in physical
structure or related abiotic conditions at the plot scale. Instead, we found that community
composition varied significantly at the patch scale (Figure 4.2), with no response to
environmental conditions at the plot scale (Figure S4.2). We suggest this is indicative of a scaledependent community response to environmental variability. Previous work from this site has
established that tundra and alder patch habitats support distinct understory communities (Chapter
2). We show here that in addition to these coarse habitat level differences, alder patches support
a gradient of understory communities and that this gradient varies across our study site with
limited within-patch variability (Figure 4.2). Understory communities in sub-alpine green alder
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patches of the French Alps have been found to be remarkably similar at coarse scales,
particularly in late-successional patches with full canopy closure (>70%) (Anthelme et al. 2007).
In contrast, the variation among patches observed at our study site likely occurs because the
relatively low cover (26.6 ± 12.3%; mean ± sd) prevents aboveground competition from
dominating community assembly processes to the degree it does in the Alps and other closedcanopy alder sites in the Northwest Territories (e.g. Gill et al. 2014). The gradient which
explains the most variation in community composition is instead explained by the mean snow
depth of patches and is characterized in part by a decrease in tundra specialist richness (Figure
4.3). While cold-temperature stress associated with thinner snow packs has been shown to be an
important local constraint on tundra species richness (Niittynen et al. 2020), tundra specialists at
our site appear instead to be adversely affected by deeper snow. Despite adaptations allowing for
growth and reproduction within short growing seasons, high Arctic vascular plants have
displayed variable capacity to endure further reductions in growing season length due to snow
addition, with several species showing clear decreases in fitness (Cooper et al. 2011). At our
study site, green alder patches have been shown to delay the snow-free date by more than 7 days
relative to open tundra (Wilcox et al. 2019). Therefore, we suggest that the relationship between
the axis aligning with tundra specialists and deep snow at our site is likely driven by decreased
growing season length, rather than protection from winter temperatures. This decrease in
growing season length may be less important for generalist species at the site which would be
adapted to photoperiods typical of both boreal and tundra conditions and may therefore have
greater capacity than tundra specialists to make up for phenological delay (e.g. Semenchuk et al.
2016), though confirmation of this hypothesis goes beyond the scope of the current study. In
addition to aligning with tundra specialist richness, the primary axis of variation in understory
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plant communities also represents a trade-off in the abundance of Sphagnum and non-Sphagnum
mosses (Figure 4.2). Experimental work in Abisko, Sweden demonstrated an increase in
Sphagnum spp. productivity with snow addition which the authors attributed to greater protection
from frost damage for Sphagnum spp. capitula (Dorrepaal et al. 2004). Green alder recruitment
increases with increased Sphagnum spp. cover in undisturbed soils at our study site (Chapter 3)
suggesting patch-scale controls on snow depth may also play a role in determining which patches
support the greatest recruitment. These various lines of evidence support a prominent role for
snow in controlling coarse-scale variation in community composition among alder patches at this
ecotonal site.

Because the relationship between canopy complexity and snow depth existed both among plots
(Figure 4.1) and among patches (Product-moment correlation (PMC) of patch means; r=0.67), it
is likely that variation in among-patch snow depth was at least in part controlled by differences
in patch-scale canopy complexity. In forest systems, increased canopy complexity can be caused
by the conspecific recruitment of new cohorts within canopy gaps (Franklin and Pelt 2004). It is
possible that differential recruitment densities within alder patches may drive some of the
variation in mean canopy complexity across the landscape and therefore may play an indirect
role in governing community composition differences amongst shrub patches, though this
hypothesis requires further investigation.

As with community composition, we found no evidence that tundra specialist richness, total
vascular richness, or community evenness responded to patch structural variables at the plot
scale (Table S4.2). Studies investigating relationships between species richness and tundra shrub
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cover have generally cited increased light competition as the primary driver of species richness
reductions (Chapin et al. 1995; Wahren et al. 2005; Anthelme et al. 2007). However, because
there was no impact of variation in alder height, cover, or density on diversity metrics, the results
of the current study suggest that aboveground competition from alders is not an important
constraint on the establishment of understory vascular species within patches at this site. Similar
results were reported by Pajunen et al. (2011) who found that the decrease in species associated
with shrub volume was due to losses of bryophyte and lichen species rather than vascular plants.
We suggest the most likely cause of this is at our site is the lack of complete canopy closure,
such that microsites that likely support tundra specialists (e.g. lichen-topped mineral hummocks)
still exist within many of the patches studied and therefore allow these species to remain present,
if not abundant. Importantly, this suggests that if the alder proliferation occurring at undisturbed
sites in our study region (Lantz et al. 2013; Travers‐Smith and Lantz 2020) does not result in
canopy closure, species losses within patches should remain minimal with shrub expansion,
though their abundance may decline. We note that alder in our study region do form closed
canopies naturally in some locations such as in drainage channels (C. Wallace, personal
observation) and when growing in disturbed locations like burn scars (Lantz et al. 2013), thaw
slumps (Lantz et al. 2009), and roadsides (Gill et al. 2014). It is therefore likely that the limited
importance of shrub size on plot-scale richness observed here cannot be generalized to disturbed
sites or other locations with full canopy closure in our study region, though this deserves future
study given the expected increase in tundra fires (Hu et al. 2015) and thermokarst features
(Turetsky et al. 2019) with climate change.
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Because tundra shrubs have the capacity to increase nutrient availability in a nutrient limited
system (Rhoades et al. 2001; Vankoughnett and Grogan 2016), there is considerable potential for
positive feedbacks to form between shrub expansion and rates of biogeochemical cycling,
particularly relating to changing litter inputs and interactions between snow depth, soil
temperature, and microbial activity (as reviewed by Myers-Smith et al. 2011a). In the context of
these feedbacks we had an a priori expectation that alder recruitment would increase with the
density or size of alder shrubs as these were expected to correspond with greater litter inputs
and/or greater snow depth. We found instead that while alder recruitment did increase with the
density of mature individuals (Figure 4.4), this was not likely the outcome of a nutrient related
feedback as density was not positively associated with any variables involved in nutrient
dynamics at the plot scale (Figure 4.1). Instead, we propose that an increase in density likely
increases local seed availability and reproductive potential within a patch, though the degree to
which this influences the density of mature individuals in the next cohort will depend on the
degree of local seed limitation and the strength of competition faced by alder recruits (Chapter
3).

4.5.3. Topographic patterns of patch structure
Our hypothesis that height would increase downslope was supported by the data (Figure 4.5A),
however the mechanisms we expected to drive this trend were not well supported. Topographic
position is generally a strong predictor of tundra plant function and community composition, due
to the downslope movement of water and nutrients (Walker 2000). However nutrient availability
was not associated with any shrub structural variables at the plot scale (Figure 4.1) and there is
little evidence of a strong topographic nutrient or moisture gradient at our study site (Chapter 2;
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Black et al. 2021). We also hypothesized that topographic control on snow depth may constrain
alder height however, as mentioned previously, the relationship between snow depth and height
was weaker than expected (Figure 4.1). Despite this, there is some evidence that snow depth and
height are related in a subset of patches, potentially explaining the observed topographic pattern
in shrub height. While most patches exhibited an increase in height downslope, three patches did
not (Patches 4, 8 and 9; Figure S4.3). These were also the patches with the greatest difference
between mean shrub height and mean snow depth (78 - 90 cm), meaning that shrubs at these
patches likely grew higher above the snow surface than shrubs at other patches. Scott et al.
(1993) reported evidence of a “zone of abrasion”, such that white spruce needles placed more
than 80 cm above the snow remained undamaged relative to lower needles due to the largest,
most damaging ice crystals remaining near the snow surface. It is possible therefore that the
majority of shrubs at our study site are generally unable to get above this zone of abrasion, due to
consistent damage to vegetative buds, but those that do are no longer restricted by (or correlated
with) snow depth, such as those at Patches 4, 8, and 9. This would explain why patches with
shrub heights that increase downslope have heights which are at least moderately correlated with
snow depth (PMC; r=0.53) while shrubs at patches that do not follow this pattern are
uncorrelated with snow depth (PMC; r=0.04). Spatial non-stationarity in the relationships
between snow depth, shrub height, and topography may also be caused by unexplained
variability in the capacity for shrubs to bend and be buried by the snow, which may act to
decouple any height-snow depth relationship by allowing greater transport and sublimation
(Marsh et al. 2010). These hypotheses cannot be tested with the current data set but should be
addressed in future research.
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The decrease in the number of mature alder individuals near patch bottoms is surprising given
general trends of increased shrub expansion at the base of slopes and valley bottoms (Tape et al.
2006; Naito and Cairns 2011). The observed trend may be a response to increased competition
with taller shrubs at slope bottoms as alder in Alaska has been shown to respond strongly to
intraspecific competition (Chapin et al. 1989), however this cannot be confirmed with the current
data set. While the global effect size of the density-topography relationship is small (i.e. a
decrease downslope from approximately 2 to 1 shrubs per plot which translates to 0.08 to 0.04
shrubs per m2), it is worth highlighting that such a change represents a halving of mature alder
density (Figure 4.5B). It is important to note that we did not measure the density of immature
individuals in these sampling polygons and so it is possible that our data does not reflect total
alder density patterns, particularly if the ratio of immature to mature individuals increases
downslope. We find this unlikely however, as previous work in the same patches found that
seedling recruitment only increased along a topographic gradient at patches with the steepest
slopes (Chapter 3).

4.6. Conclusion
Taken together our results indicate that the role physical structure plays in modifying the
environmental impact of shrub patches at the taiga-tundra ecotone is highly dependent on scale.
At the plot scale, patch structural attributes explained very little variation in the understory
community, apart from the relationship between density and alder recruitment. However, we
observed considerable variation in community composition among patches, driven associated
directly with snow depth, and likely indirectly by variation in canopy complexity. These findings
are significant as they suggest that predicting the understory community of an individual patch is
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relatively simple given information about mean snow depth. However, attempts to extrapolate
from plot-scale relationships between snow depth and community composition would lead to
clear underestimation of the variation in community composition within the alder patch habitat
as a whole.

Snow depth and snow cover duration are both expected to decrease in this region in the coming
decades due to changing climatic conditions (Brown et al. 2017). Despite the clear relationship
we observed between patch-scale snow depth and community composition (Figure 4.3),
predicting the effect changing snow conditions will have on understory communities in alder
patches is complicated by several factors. First, tundra species may be slow to disperse and
colonize patches with suitable conditions (Bliss 1971), leading to disequilibrium between
community composition and snow depth. Second, future changes in patch structure may
influence snow capture such that conditions in alder patches are decoupled from regional trends.
For example, increases in canopy complexity may lead to greater snow holding capacity of
patches, potentially negating any increases in growing season length experienced by other habitat
types. Finally, shrub expansion may also increase the prevalence of closed canopy alder patches
on undisturbed soils, increasing the importance of competitive pressures and potentially shifting
from snow-dominated to vegetation-dominated control over the understory community of
individual patches. Increasing our understanding of these factors will improve our capacity to
predict community composition in a warmer, shrubbier tundra.
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4.9. Figures

Figure 4.1: Principal Components Analysis (PCA) of abiotic and patch structural variables.
Numbers in parentheses on axis labels indicate the amount of variation explained by each axis.
Points represent scores for individual sampling plots. Loadings of patch structural variables are
shown as green lines and abiotic variables are blue lines. The labels “AvgHeight” and
“AvgVolume” represent the average height and volume (height ´ areal extent) of individual
alder shrubs in a 49 m2 plot around the abiotic measurement point. “CanopyComp” represents
canopy complexity and “Density” represents the number of alders present. Nutrient supply rate is
labelled according to standard element abbreviation apart from “NH4” which refers to
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ammonium. “OMThick” refers to the thickness of organic matter at each plot and “DecompRate”
refers to standardized summer decomposition rate measured using the Tea Bag Index.
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Figure 4.2: Patch-scale redundancy analysis of alder patch plant community (F(9)= 1.945, P=0.001). The numbers in parentheses on
axis labels indicate the amount of variation explained by each constrained axis. A) Points represent site scores and numbers represent
centroids of the patch indicated. B) Text represents species scores. Regions of the ordination with overlapping species names are
denoted by labelled boxes. Box 1 contains Li.S.Stereocaulon, VacOxy, Litter, AlderSeedling, AndPol, and Sedge.Eriophorum. Box 2
contains SenAtr, AnePar, RhoLap, Liverwort, TofPus, and Li.S.Other. Box 3 contains OrtSec, RosAci, SalRic, and PedCap. See Table
S4.2 for the species associated with each code.
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Figure 4.3: Relationship between RDA 1 centroid scores (i.e. the average community) of a given
patch and mean snow depth of that patch. Line represents the fit of a linear regression model and
shaded area represents 95% confidence limit. Color indicates the richness of tundra specialists in
the plant community which is strongly correlated with centroid scores of RDA 1 (r=0.93).
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Figure 4.4: Green alder seedling counts as a function of the scaled density of mature alder
individuals. Line represents model fit of a Generalized Linear Mixed Effects Model with a
Poisson family response and shaded area represents 95% confidence limit.
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Figure 4.5: Global smoothers fit by Generalized Additive Models of A) alder height and B) the number of mature alders per sampling
polygon against topographic position measured as the percent down the transect. Percent of transect is a standardized measure of
position down a hillslope through an alder shrub patch, with 0% representing the top edge and 100% representing the bottom edge of
the patch. Vertical lines along the x-axis represent sampling locations along the transect. The dashed horizontal line represents the
mean of the y-axis.
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4.10. Supplementary Material
4.10.1. Tables

Table S4.1: Table of species and ground cover classes observed in vegetation plots. The column
“RDA Code” refers to the label used in the RDA triplot. The column “Common Representatives”
refers to the most commonly observed species of classes which were recorded at a coarser
taxonomic level. The column “Tundra Specialist?” refers to whether the biogeographical range
as described by Porslid and Cody (1980) is primarily constrained to above the treeline.
Genus
Pyrola
Vaccinium
Vaccinium
Empetrum
Pedicularis
Pedicularis
Salix
Betula
Petasites
Saussurea
Arctostaphylos
Rosa
Cerastium
Senecio
Orthilia

Species

grandiflora
uliginosum
vitis-idaea
nigrum
labridorica
capitata
glauca
glandulosa
frigidus
angustifolia
alpina1
acicularis
arvense
atropurpureus
secunda var.
obtusata
Rubus
chamaemorus
Dryas
integrifolia
Equisetum
scirpoides
Rhododendron groenlandicum
Rhododendron lapponicum
Rhododendron tomentosum
Vaccinium
oxycoccus

RDA Code
PyrGra
VacUli
VacVit
EmpNig
PedLab
PedCap
SalGla
BetGla
PetFri
SauAng
ArcAlp
RosAci
CerArv
SenAtr
OrtSec
RubCha
DryInt
EquSci
RhoGro
RhoLap
RhoTom
VacOxy

Common
Tundra
representatives Specialist?
No
No
No
No
No
Yes
No
No
No
Yes
NA
No
Yes
Yes
No
No
Yes
No
No
Yes
No
No
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Tofieldia
Cardamine
Andromeda
Salix
Anemone
Arctagrostis
Cladina

Other shrub
lichens

pusilla
digitata
polifolia
richardsonii
parviflora
latifolia

TofPus
CarDig
AndPol
SalRic
AnePar
ArcLat
Li.S.Cladina

Li.S.Other

Yes
Yes
No
Yes
No
Yes
C. stellaris
C. stygia
C. rangiferina
C. mitis
Bryocaulon
divergens
Gowardia
nigricans

Club lichens

Alectoria
ochroleuca
Flavocetraria
cucullata

Li.Club

Flavocetraria
nivalis
Cetraria sp.
Not identified
to species
Not identified
to species

Foliose
lichens
Liverworts

Li.Foliose

Miscellaneous
mosses
NonEriophorum
sedges
Litter
Bare ground
Feather
mosses

Moss.Other

Liverwort

Sedge.Other

Litter
Bare.Ground
Moss.Feather
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Not identified
to species

Hylocomnium
splendens

Pleurozium
schreberi
Moss.Sphagnum
Not identified
to species
Li.S.Stereocaulon Not identified
to species
Sedge.Eriophorum E. vaginatum

Sphagnum
mosses
Stereocaulon
lichens
Eriophorum
sedges
Coarse woody
CWD
debris
1
May also include A. rubra. Could not distinguish at time of sampling and both present at site.
Arctostaphylos alpina is a tundra specialist while Arctostaphylos rubra is not.

201

Table S4.2: Analysis of deviance (Tundra Richness) and Analysis of Variance (Evenness and
Vascular Richness) tables for GLMM and LME model fits of richness and evenness models.
“Response” column represents the response variable for the given model. “Explanatory”
represents the explanatory variables included in each model. “df” is the degrees of freedom
which were calculated using Satterthwhaite approximation for LMEs. P-values were calculated
using type III ANOVA for LMEs and Wald chi-square scores for GLMMs.

Response
Evenness
Vascular
Richness
Tundra
Richness

Explanatory
Height
Density
Complexity
Height
Density
Complexity
Height
Density
Complexity

df
1, 25.6
1, 25.8
1, 19.9
1, 25.1
1, 25.4
1, 20.7
1
1
1

Test Score
F = 1.66
F = 0.12
F = 1.68
F = 2.44
F = 2.50
F = 1.52
c2 = 0.05
c2 = 0.74
c2 = 2.26
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P-value
0.21
0.74
0.21
0.13
0.13
0.23
0.82
0.39
0.13

4.10.2. Figures

Figure S4.1: Scree plot from Principal Components Analysis (PCA) of abiotic and patch
structural variables. This figure illustrates the inertia of each principal component and displays a
break point after PC2.
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Figure S4.2: Triplot of Partial Redundancy Analysis with abiotic and patch structural variables
as constraints and Patch ID as the conditioning variable (F(11)=1.05, P=0.393). Points represent
site scores, blue text represents variable loadings and grey text represents species scores.
Parentheses on axis labels represent the amount of variation explained by each axis.

204

Figure S4.3: Patch level smoothers for Generalized Additive Model of alder height as a function
of percent down the transect. Percent of transect is a standardized measure of position down a
hillslope through an alder shrub patch, with 0% representing the top edge and 100% representing
the bottom edge of the patch. Panels of patch smoothers are organized from shallowest to
steepest hillslope. Shaded area represents 95% confidence limit. Smoother for Patches 4, 5, 8,
and 9 differed significantly from the global smoother. Patches 4, 8 and 9 did not follow the trend
of increasing height downslope.
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Chapter 5: Conclusion-The global context of green alder growth and
expansion in tundra environments

5.1. Introduction
Increased growth and cover of green alder (Alnus alnobetula (Ehrhart) K. Koch) is an important
component of tundra shrub expansion (Tape et al. 2006; Lantz et al. 2013). The expansion of this
species holds unique significance to ecosystem function in that it has the capacity to fix
atmospheric nitrogen (Densmore 2005) and is among the larger of the tundra shrubs (Aiken et al.
2007). For these reasons, understanding the variability in environmental (i.e. biotic and abiotic)
conditions associated with green alder patches in tundra systems may play an important role in
predicting the future of tundra ecosystem function. To my knowledge there has been no
comprehensive review of this variation across the range of green alder in tundra environments.

In this thesis I have presented results demonstrating that: 1) green alder patches in the Trail
Valley Creek watershed support a distinct set of abiotic conditions and understory communities
from adjacent alder-free tundra, 2) recruitment in the vicinity of these patches is likely
constrained in part by localized seed limitation rather than topographic resource gradients alone,
and 3) variation in patch structure has a surprisingly limited impact on abiotic conditions. In this
concluding chapter I will place these results into the global context of the growth and expansion
of green alder in tundra environments. In comparing my results with other studies, I aim to
provide a sense of which factors are variable and which are stable in controlling the recruitment
and environmental impact of green alder in tundra ecosystems.

206

5.2. Literature review methodology
To contextualize the results of this thesis I performed a comparative literature review using the
results of an ISI Web of Science search performed on March 26, 2021. As the goal was to find
papers associated with green alder in all tundra environments I used a search term calling any
items which included the topic subjects green alder, alnobetula, viridis, or crispa and the words
tundra, alpine, or arctic (Search terms; TS=(”green alder” OR alnobetula OR viridis OR crispa
OR sinuata) AND TS=(“tundra” OR “alpine” OR “arctic”))). The species names that were
chosen were those commonly synonymous with A. alnobetula (sensu Database of Vascular
Plants of Canada; https://data.canadensys.net/vascan). This search returned 482 items, however
due to time restrictions only the first 200 items (sorted by relevance to the search parameters)
were considered. Out of these 200, only studies which measured the same or comparable
variables to those in this thesis were included in the final literature review, resulting in 23
studies. Values from individual studies were only included if they involved direct measurement
in green alder habitats which excluded studies sampling more varied communities which only
occasionally included alder. Studies which included green alder in categories with other shrubs
and did not distinguish between species were also excluded unless alder was clearly dominant.

To put this literature review into a spatial context, the approximate locations of these studies
were mapped and overlain on range maps of A. alnobetula (Giovanni et al. 2020) and the
Circumpolar Arctic Vegetation Map project bioclimate subzone maps (Alaska Geobotany Center
2004). Locations for studies which provided bounding boxes or positions of multiple sites were
represented by an estimate of the midpoint. Mapping was performed using the ‘sf’ (version 0.8-
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1; Pebesma 2018) and ‘tmap’ (version 2.3-2; Tennekes 2018) packages within the R statistical
environment (version 3.6.2; R Core Team 2019).

5.3. Green alder distribution in tundra environments
The range of green alder overlaps with approximately 25% of the total landmass of the Arctic,
with the majority of the Arctic range (77%) falling within subzone E (Figure 5.1). The study sites
identified through the literature review were predominately located in Alaska and the western
Northwest Territories. Study sites also occurred in the alpine regions of the Alps and in the
vicinity of the Yamal peninsula in Russia. These spatial patterns suggest that there are relatively
large regions of the Arctic for which the environmental impacts of and conditions associated
with green alder growth have not been well studied. In Canada there are large gaps in study
locations in the mainland of the central Canadian Arctic, northern Québec and northern
Labrador. The largest gap of study locations globally appears to be eastern Siberia. Considering
the observed spatial variability in climatic change and primary productivity trends (e.g. Berner et
al. 2020), there may be substantial variation in the rate and magnitude of ecosystem response to
alder expansion across the Arctic. If this is the case these understudied geographic regions may
represent important knowledge gaps.

5.4. Tundra-wide patterns in the environmental conditions of green alder
patches
In reviewing studies which measured the conditions associated with green alder, it is important
to note that these measurements were made with a variety of assumptions and purposes in mind.
Some studies, including this thesis, were designed specifically to investigate the impact of green
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alder on its local environment, which was generally done by attempting to control for variation
driven by factors such as topography or ecosystem type (e.g. Rhoades et al. 2001). Other studies
were designed to characterize the habitat preferences of green alder (e.g. Stottlemyer 1992;
Swanson 2015), in some cases in order to understand and predict patterns of expansion
(Cameron and Lantz 2016; Rinas et al. 2017). I highlight this to clarify that unless intentionally
controlled for, the conditions described in this review are likely both the cause and the result of
alder growth and colonization at a particular site.

5.4.1. Abiotic conditions
Of the variables measured in this thesis, soil moisture was one of the most commonly measured
variables in other studies included in this review (Table 5.1). The mean volumetric soil moisture
of alder patches observed in this thesis was approximately 35% (Chapter 2). While this is the
highest volumetric soil moisture of the studies included in the review, it is only marginally
greater than the next highest of 32.3% (Tape et al. 2012) and 31.1% (Black et al. 2021). Only
one other study measured volumetric soil moisture, reporting a mean of 26% in alder savannahs
and 19% in denser alder shrublands (Salmon et al. 2019). Observations of gravimetric soil
moisture were more common, with means ranging from 34% in alder patches growing in the
Swiss Alps (Caviezel et al. 2014) to 134% in newly expanded alder patches along the Dempster
Highway in the Northwest Territories (Cameron and Lantz 2016). These values should be
interpreted with caution as soil moisture can change dramatically due to variation in local
weather conditions, however they do provide an approximate range of what is typical within
alder habitats and allow for comparison to alder-free tundra locations. In general, the majority of
studies found that alder patches had greater soil moisture than tundra locations, though only five
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studies made this direct comparison (Table 5.1). In some cases, wetter soils in alder patches are
likely related to differences in the topographic positions inhabited by each vegetation type. For
example, alder studied in Stottlemyer (1992) grew largely in a riparian zone along a creek while
tundra dominated the upland positions. Green alder colonizing new sites along the Dempster
Highway preferentially expanded into the wettest topographic positions such that these new sites
had consistently wetter soils than surrounding dwarf shrub tundra (Cameron and Lantz 2016).
The relative difference in soil moisture between alder and alder-free tundra areas may also
change with succession as alder gradually modifies the environment. In a study of alder
encroachment into abandoned alpine pastureland Caviezel et al. (2014) did not observe a
difference in soil moisture compared to alder-free tundra until 90 years after colonization which
the authors attribute to increasing porosity and water storage capacity. Interestingly, the current
thesis is the only study in this review to find drier soils under alder shrub patches relative to
alder-free tundra. One possible reason for this is that the comparisons made in this thesis are
explicitly of upland habitats and so topographic differences in moisture accumulation are largely
accounted for. There may also be discrepancy between sites due to differences in the magnitude
of evapotranspiration. For example Caviezel et al. 2014 suggest that evapotranspiration rates
between the pastureland and alder are very similar whereas a recent study in the Trail Valley
Creek watershed suggested alder patches may have approximately double the transpiration
potential of alder-free tundra (Black et al. 2021). These differences in plant function and
microclimatic controls may be an important consideration when predicting the impact of alder on
environmental conditions across the tundra biome.
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Snow depth was measured in five of the included studies though these were all conducted in the
western NWT (Table 5.1). In these studies mean snow depth was consistently higher in alder
patches than surrounding tundra, generally by a relatively narrow margin of approximately 23-40
cm (e.g. Lantz et al. 2013; Wilcox et al. 2019), though one study reported a difference of
approximately 75 cm (Grünberg et al. 2020). The only exception to this pattern was Gill et al.
(2014) who found increased snow depth in alder patches growing along a roadside, but found
similar snow depths between alder and alder-free tundra in sites that were removed from the
road.

Thaw depth was expected to vary substantially among studies due to the timing of measurement
within the growing season, particularly as early and mid-season measurements were included in
some studies (e.g. Wilcox et al. 2019). While this makes inter-study comparison of raw values
difficult, within this review the entire range of mean thaw depths was captured in a single study,
which found stable alder patches to have a shallower thaw depth (32 cm) than expanding patches
(88 cm) (Tape et al. 2012). The mean active layer captured in this thesis was typical of the
literature values and fell near the center of this range at 44.5 cm (Chapter 2). Patterns of thaw
depth relative to alder-free tundra were somewhat inconsistent across studies with three of the
seven studies showing shallower thaw depths in alder patches (including this thesis; Chapter 2)
and three reporting no difference between alder patches and alder-free tundra (Table 5.1).
Interestingly, two of the three studies which found no difference between these vegetation types
were conducted in the Trail Valley Creek watershed, though both were constrained to the Siksik
Creek sub-basin where alder patches grow predominately on east-facing slopes, rather than the
south-southeast aspects studied in this thesis (Wilcox et al. 2019; Street et al. 2020). Some of the
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disagreement among studies may therefore be ascribed to differences in localized energy
balances or snow accumulation though this requires further investigation.

Mean soil organic layer thickness in alder patches was highly variable within and among studies.
For example, alder in Siberia growing on cryoturbated circles had organic matter depths ranging
from 0.5 cm to 22.1 cm (Frost et al. 2018). The greatest mean organic matter depth was observed
in expanding alder patches growing along the Dempster Highway in the Northwest Territories
(approximately 30 cm; Cameron and Lantz 2016). Four of the five studies that made the
comparison found thicker soil organic layers in alder patches relative to alder-free tundra. The
exception was Street et al. (2020) which found no difference, possibly due to the small sample
size of each treatment (n=3). The generally consistent findings of the literature suggests that
alder patches tend to alter carbon cycling in tundra environments, likely due either to increases in
the quantity of litter added to the system (Vankoughnett and Grogan 2016) or slowed
decomposition due to increased recalcitrant, woody litter (Weintraub and Schimel 2005).

Only three studies included in the review measured soil nutrient availability using methods that
allowed for comparison to this thesis or made direct comparison to alder-free tundra (Table 5.1).
In a study of alder impact on soil conditions in the western Brooks Range of Alaska, Rhoades et
al. (2001) found that ammonium, nitrate, and phosphate were elevated under alder canopies in
most ecosystem types. While elevated ammonium was also observed in this thesis, my results
diverge from Rhoades et al. (2001) in that neither nitrate nor phosphate differed in availability
between habitats at Trail Valley Creek. This inter-study difference in the trends of relative nitrate
availability may be caused by variability in the same factors Rhoades et al. (2001) attribute to
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among-ecosystem variation, namely differences in litter input quantity, litter removal by wind or
water, and soil nutrient retention. There may also be differences in litter quality as the nutrient
status of alder foliage has been shown to differ along resource gradients within sites (Black et al.
2021). Alternatively, the microbial communities in the patches I studied may differ in their
capacity for nitrification which can vary substantially with temperature, pH, soil moisture, and
other factors (Sahrawat 2008; Norby et al. 2019). Elevated nitrogen concentrations were also
observed in alder growing in the vicinity of an alpine stream in Denali National Park, Alaska
(Stottlemyer 1992). In contrast to these studies Gill et al. (2014) found no difference in nitrogen
availability between undisturbed alder and dwarf shrub tundra, though it was elevated in alder
patches growing by a roadside. Gill et al. (2014) also reported decreased calcium availability in
undisturbed alder patches, which align with the observations of this thesis (Chapter 2).

Relationships between the physical structure of green alder patches or individuals and abiotic
conditions were rarely quantified in the studies represented here. An investigation of the
environmental limits of tall shrub habitat in Alaska’s Arctic national parks found that the canopy
volume of green alder tended to increase with both thaw depth and soil moisture class (Swanson
2015). Alder height has also been shown to correlate strongly with nitrogen availability across
ecosystem types in the Agashashok Valley of northwest Alaska (Rhoades et al. 2001). These
results contrast with those of this thesis in that I found no evidence that volume or height was
related to abiotic variation within or among alder patches (Chapter 4). One possible explanation
of this contrast is that in constraining my sampling to specific aspect and slope positions, I may
have not captured a large enough range of natural variability in abiotic conditions or patch
structure to observe the relationships described in other studies.
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5.4.2. Understory community
While several studies characterized the understory community of alder patches, aside from this
thesis only one study of tundra green alder reported species richness (Table 5.2). In a review of
understory communities associated with green alder in the alpine and subalpine Alps, Boscutti et
al. (2014) found the average community richness of vascular plants varied from 17 to 26 species
depending on the floristic association. These values are considerably higher than those observed
in the current thesis (mean of 12.5 species per plot; Chapter 2), which is likely due to the wider
range of sites and habitats surveyed in the Alps review (Boscutti et al. 2014). Perhaps
unsurprisingly, given the geographic distance, the species associated with alder patches in the
Alps had little overlap with those observed in this thesis, though one of the associations was rich
in ericaceous species, a family that is also common in the alder patches of the Trail Valley Creek
watershed (Chapter 2). The patches at Trail Valley Creek had greater commonality in species
with the remaining studies which quantified understory vegetation, though all of these were
conducted within the western Northwest Territories and Alaska (Tape et al. 2012; Gill et al.
2014; Cameron and Lantz 2016). Despite the presence of similar species, there were differences
among these studies in dominant species and functional groups found in alder patch habitats. For
example, the mean cover of evergreen shrubs was considerably lower in both stable (14.6%) and
expanding (11%) green alder patches in Alaska than observed in this thesis (32.2%) (Tape et al.
2012; Chapter 2). Direct comparisons of the understory of alder patches to alder-free tundra
aligned with this thesis in finding distinct communities, but differed somewhat in which species
made them distinct (Gill et al. 2014; Cameron and Lantz 2016). Gill et al. 2014 found that green
alder patches growing along the Dempster Highway had less cover of lichen, Sphagnum mosses,
Empetrum nigrum, Rhododendron subarcticum (referred to herein as Rhododendron
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tomentosum), and Vaccinium vitis-idaea than dwarf shrub tundra and green alder further from the
road. These alder patches growing away from the road also had greater Rubus chamaemorus and
Sphagnum spp. cover than dwarf shrub tundra at a similar distance to the road. In a study from
the same region, Cameron and Lantz (2016) found that expanding alder shrub patches had lower
Rubus chamaemorus, Empetrum nigrum, Ledum decumbens (referred to herein as Rhododendron
tomentosum), and Vaccinium vitis-idaea cover than stable dwarf shrub tundra. Stable alder
patches had similar differences with the addition of greater Salix spp cover (Cameron and Lantz
2016). Interestingly, none of the species or species groups which differentiated the vegetation
types in these studies were clearly associated with either patch or tundra habitats in the current
thesis (Chapter 2). While Rubus chamaemorus was marginally positively associated with patch
habitats, it was not a strong association. As noted in Chapter 2, lichens did have lower cover in
alder patches, but this pattern was dependent on topographic position, with no difference in
downslope positions. I found no studies in this review that explicitly investigated the impact of
alder physical structure on the understory community. Taken together the variability in these
studies suggest that the influence of green alder on the understory community varies significantly
even within a relatively constrained geographic area. The mechanism for these differences
cannot be easily clarified within this review however it is certainly cause for further
investigation.

5.4.3. Physical structure
Measurements of physical characteristics of shrubs and shrub patches were relatively common
among surveyed studies, though largely involved observations of shrub height (Table 5.3). Interstudy variability in the methods by which height was reported makes it difficult to attribute a
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clear range, but in general most studies reported mean or median heights around 1 to 2 m
(Chapin et al. 1989; Rhoades et al. 2001; Gill et al. 2014; Swanson 2015; Salmon et al. 2019)
with maximum heights nearing 2 to 3 m (e.g. Frost et al. 2018). The average height of green
alder shrubs in this thesis was typical for those reported in the literature at 1.4 m (Chapter 4).
Hypothesized explanations for the variation of height differed between studies. Frost et al.
(2018) attributed observed height differences to successional dynamics with mature, midsuccessional patches having the tallest alder shrubs. Gill et al. (2014) found the tallest shrubs to
be those nearest the road, due primarily to greater snow depth and increased moisture and
nutrient availability caused by the construction process and the road embankment itself. Studies
in western NWT which measured canopy cover in undisturbed soil reported median values of
approximately 5 -10% (Lantz et al. 2010; Gill et al. 2014), which is only marginally lower than
the mean of 13% observed in this thesis. This is in stark contrast to alder growing in disturbed
roadside sites in the region which can reach approximately 90% cover (Gill et al. 2014).
Undisturbed patches in Arctic national parks in Alaska had a median of approximately 22%
cover though this may be because parts of the study region experience warmer mean annual
temperatures (maximum of -5°C) than to those reported along the Dempster Highway (-7.3°C;
Gill et al. 2014) or Inuvik (-8.2°C; Chapter 3). The mean density of mature alder observed in this
thesis (0.07 shrubs/m2) is very similar to densities reported in two Alaskan studies (0.06
shrubs/m2, Chapin et al. 1989; 0.08-0.1 shrubs/m2 Rhoades et al. 2001). Wilson et al. (1985)
reports one site on the Seward Peninsula with a total density (including seedlings) of 10
shrubs/m2, however aside from this single 10 m2 plot all other sites they report range from 0.03
to 1.3 shrubs/m2. In a study conducted in the Mackenzie Delta uplands, which includes Trail
Valley Creek, Lantz et al. (2013) observed landscape scale alder densities ranging from 0.003 to
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0.02 shrubs/m2 (T. Lantz, Personal communication). Sites near Trail Valley were on the low end
of this range with reported densities between 0.004 and 0.005 shrubs/m2 (T. Lantz, Personal
communication).

5.5. Spatial variation in causes and patterns of green alder expansion
The literature included in this review discusses two underlying causes of green alder expansion:
encroachment into abandoned pastureland and increased productivity in response to climate
warming. The studies focusing on pastureland encroachment were situated in the alpine tundra of
the Alps where increased alder cover has important consequences on biodiversity and slope
stability (Anthelme et al. 2003; Caviezel et al. 2014). Increases in cover in a valley in central
Switzerland were estimated at approximately 1.3% per year, with a 63% increase over 48 years
(Caviezel et al. 2017). The majority of this increase occurred in areas with lower topographic
wetness index and higher insolation (i.e. drier sites) and 50-60% slopes (Caviezel et al. 2017).
The authors attribute this pattern primarily to spatial variation in land use intensity, most notably
grazing pressure.

Studies in Alaska, western Northwest Territories, and Siberia focused on expansion of green
alder as a response to climate warming (e.g. Tape et al. 2006; Lantz et al. 2013; Frost et al. 2018;
Travers‐Smith and Lantz 2020). In general, these studies show very different patterns of
expansion from those observed in the Alps. As reviewed in Chapter 3, Tape et al. (2006) found
the greatest increases in shrub (primarily green alder) cover on slopes and valley bottoms of the
Brooks Range, which they attributed to greater resource availability in these positions. Tape et
al. (2012) also reported preferential alder expansion into high resource environments. Expansion
of green alder along the Dempster Highway occurred primarily in low lying areas, likely due to
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increased moisture availability (Cameron and Lantz 2016). In an alpine site in Alaska, Rinas et
al. (2017) found that new alder appeared primarily on cooler and steeper slopes, which the
authors hypothesize may be related to requirements of alder’s mycorrhizal symbionts or the
species’ preference for mesic sites. These all contrast with the results of my thesis in which I
found no evidence for a generalized topographic pattern and instead found evidence for
preferential recruitment in areas expected to receive the most seed (Chapter 3).

5.6. Conclusion
The primary objective of this chapter was to place the results of this thesis into the context of
existing green alder literature. In particular I aimed to investigate which trends in environmental
conditions and recruitment patterns were consistent across studies and which showed variability.
While some of the factors considered were relatively consistent, such as the increase in snow
depth and organic matter depth relative to open tundra, other characteristics of alder patches
displayed considerable variation. In particular, the relative thaw depth of alder and alder-free
tundra and the impact of green alder on understory composition varied considerably among
studies (Tables 5.1 and 5.2). There was also variability in the raw values of organic matter depth
observed. Several characteristics such as species richness and soil nutrient availability relative to
alder-free tundra were measured surprisingly infrequently. Relationships between physical
structure and environmental conditions were also relatively rare.

In general, there were very few variables which responded to alder growth in the same way
across all studies and the cause of this variation is not always clear. This is somewhat surprising
considering that the overwhelming majority of studies took place in a relatively small geographic
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area (i.e. Alaska and the western Northwest Territories). Considering that the range of alder
overlaps with approximately 25% of the landmass of the Arctic above treeline (Figure 5.1), these
results suggest that predicting the environmental conditions of green alder patches and in
particular the impact alder expansion may have on tundra environments worldwide may be quite
complicated. In order to fully understand the impact of green alder expansion on ecosystem
function it will likely be important to fill in some of these geographic gaps and increase our
ability to clearly distinguish the cause and effects of the growth of this important tundra shrub.
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5.8. Figures

Figure 5.1: Map of literature review study sites (purple points). Light green represents the
geographic range of A. alnobetula (Giovanni et al. 2020). All other colours represent Arctic
bioclimatic subzones defined by the Circumpolar Arctic Vegetation Map project (Alaska
Geobotany Center 2004).
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5.9. Tables

Table 5.1: Studies which reported abiotic conditions in green alder patches. The first four
columns represent variables measured in green alder patches. Grey boxes indicate studies which
have measured the variable in question in alder patches. The remaining columns represent
comparisons between alder patch habitats and alder-free tundra. Colours represent studies which
found higher (green), lower (blue), or similar (yellow) in alder patches. Split columns represent
situations in which different types of alder patches displayed different results within the same
study. All comparisons were reported as statistically significant in each study apart from relative
organic matter depth in Street et al 2020, for which significance level was not reported.
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Study

Organic
Matter
Depth

Thaw
Depth

Soil
Moisture

Snow
Depth

Relative
NH4+

Relative
NO3-

Relative
Total
Nitrogen

Black et al
2021
Lantz et al
2013
Street et al
2020
Tape et a
2012
Rhoades et
al 2001
Grünberg et
al 2020
Caviezel et
al 2014
Salmon et al
2019
Gill et al
2014
Cameron et
al 2016
Rinas et al
2017
Wilcox et al
2019
Stottlemeyer
et al 1992
Swanson
2015
Frost et al
2018
Thesis
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Relative
P

Relative
Ca2+

Relative
Organic
Depth

Relative
Thaw
Depth

Relative
Soil
Moisture

Relative
Snow
Depth
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Table 5.2: Studies which investigated richness and understory community composition
associated with alder patches.
Study
Boscutti et al 2014
Street et al 2020
Tape et a 2006
Travers-Smith et al 2020
Lantz et al 2010
Tape et a 2012
Gill et al 2014
Cameron et al 2016

Vascular species richness
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Community data

Table 5.3: Studies which included the physical structure of green alder. Grey boxes indicate
studies which have measured the variable in question. Values are not listed as not all measures
were directly comparable among studies.

Study

Mature Shrub
Density

Shrub Height

Wilson et al
1985
Lantz et al
2013
Tape et al
2006
Lantz et al
2010
Rhoades et
al 2001
Salmon et al
2019
Gill et al
2014
Cameron et
al 2016
Swanson
2015
Frost et al
2018
Chapin et al
1989

229

Canopy
Cover

